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PREFACE, 



The original of this little book was a series of 
articles which found some favor in the columns 
of the technical prqss, and which the writer was 
requested by many readers to put into book form. 
The object of the articles was to discuss problems 
and principles in alternating currents which are 
difficult to understand, and to illustrate them as 
simply and clearly as possible. Each article was 
written under the assumption that the reader had a 
fair knowledge of direct currents and a general 
knowledge of alternating currents. Also they 
were really, more than anything else, outlines of 
the methods and processes on mooted questions 
which the writer found useful in his early studies 
on the subject. As human understanding is very 
much alike, most readers will split upon the same 
rocks. The articles were collected, new chapters 
were added, and the endeavor made to establish 
some continuity to the series, and the result was 
the first edition, which contained unfortunately 
some of the earmarks of separately written arti- 
cles, together with some errors in context which 
escaped the writer's notice under the pressure of 
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insistent periodical publishers. Furthermore, strict 
accuracy was sometimes sacrificed for the sake of 
clearness, and it is perhaps true that in some cases 
analogies were carried too far, thereby introducing 
what might be called loose writing. 

The little book was received much better than 
it deserved, and in response to the desire expressed 
by the publishers and others that it be not allowed 
to lapse, the writer presents this the second edi- 
tion, which has been carefully gone over with 
reference to the removal of uncertainties. Some 
new matter has been added, together with some 
rearrangement, and the writer sincerely trusts that 
the result will be more continuous and accurate 
reading. 

Such criticisms as have been ventured upon the 
first edition have been very acceptably expressed 
with a view to improvement, and entirely of a 
non-captious character, so that the writer desires 
to take this opportunity to thank his critics and 
to reinvite their good offices. 

George T. Haxchett. 
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CHAPTER I. 

Hydraulic Analogies of Inductance and Ca- 
pacity Combinations. 

The alternating current student, even though a 
moderately competent mathematician, oftentimes 
desires for his own understanding and information, 
something of a more tangible nature than proof by 
formulae of the intricate behavior of current and 
voltage in circuits containing inductance and capac- 
ity. For this reason the writer believes that the fol- 
lowing explanation of these phenomena with the aid 
of some hydraulic analogies will be interesting 
though elementary. 

Considering an electric current to be represented by 
an elastic fluid flowing under pressure in a pipe, an 
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FIG. I. 

inductance is well represented by a frictionless 
fluid motor, carrying a heavy fly wheel, as shown 
in Fig. I. On suddenly starting a direct current 
through a line containing such a motor, the current 
will not be well established until the whe^lx'a ^^W 
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under way, after which it will proceed hindered only 
by the friction or resistance of the apparatus. 

Similarly in starting a direct current through an 
inductive coil it grows in value quite slowly, being 
hindered by the counter E. M. F. or electro mag- 
netic inertia of the coil, which gradually disappears 
as the current becomes steady, and finally the cur- 
rent flows limited in volume only by the ohmic re- 
sistance of the circuit. 




FIG. 2. 

If this wheel and pipe line be subjected to an al- 
ternating flux of fluid pressure as shown in Fig. 2, 
the current flux being produced by operating a pis- 
ton in a cylinder, A, back and forth, it is evident 
that due to inertia of the fluid motor and its fly 
wheel, the latter will not follow the movements of 
the piston promptly. The movements of the piston 
dictate the pressure, while the velocity of the wheel 
is proportional to the flow of current. It needs no 
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mathematician to see that the maximum velcKity 
of the wheel will not correspond to the maximum 
pressure on the piston, but will lag behind it ; in 
other words, the current will lag behind the 
pressure. The wheel is continually opposing 
the piston impulse by its stored energy, and the 
net result on the current is to reduce it and make 
it lag behind the impressed impulse. 

Similarly a coil of wire on which an alternating 
E. M. F. is impressed will continually oppose its 




FIG. 3. 

stored energy to the original impulses, the net result 
being a current of lesser value, the maximum 
surges of which do not correspond with the original 
impulses, but lag behind them. 

Returning to the pressure analogy, it is plain 
that the current in the pipe is urged forward and 
back due to the joint efforts of the primary pressure 
and the stored energy of the fly wheel. To ap- 
preciate what follows it must be remembered that 
the fluid must be an elastic and not a non-com- 
pressible medium. It will be seen at once that 
the current is urged back and forth by the \ovtvt 
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efforts of the primary pressure and the action of 
the paddles of the wheel. The latter force cannot 
be neglected. Its ill-timed pulses reduce the 
current and displace it in phase. The energy of 
the system is therefore divided into two parts, one 
of which serves to overcome the friction of the 
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fluid and is lost in this way, and the second is 
employed in overcoming the inertia of the fly 
wheel, which, however, returns the power it so 
received to the system. 

The reverse motion of the paddles against the 
primary impulse serves to store up fluid pressure, 
which presently reacts and assists in starting the 
wheel the other way. This energy is a sort of rebate 
on the energy delivered by the piston and may be 
called an idle component, while the energy absorbed 
in overcoming the resistance is called the working 
component. 

The electric analogy of this is the coil of wire on 
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which IS impressed an alternating E. M. F. One 
portion of the apparent energy is absorbed by the 
resistance of the circuit and is true watts. The other 
is momentarily absorbed as magnetic energy in the 
coil and redelivered to the generator between im- 
pulses and is the wattless component. 

Electric watts are the product of volts and am- 
peres, and it is sometimes customary to carry this 
wattless feature into its component products. There 
are two ways of looking at this problem, both of 
which are merely convenient and highly artificial. 




FIG. 5. 



One IS to assume that the voltage is a pressure di- 
vided into two parts, one of which is effective in 
forcing the current through the ohmic resistance, 
and which multiplied by the current gives the true 
power. The other pressure component is utilized in 
balancing off the elastic reactance of the coil, and 
multiplied by the current gives the false or Active 
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some oscillating of the flow on either side of the 
condenser before the current comes to rest, thereby 
carrying the analogy still further. 

An electric condenser acts in the same way when 
connected to a direct current pressure. A charge 
flows into the condenser till its terminals rise to a 
pressure equal to that applied. Disconnected from 
the line it retains its charge, and if its terminals be 
connected together a discharge takes place which is 
of an oscillating character and which finally brings 
both sides of the condenser to the same pressure. 

If an alternating pressure be applied to the con- 
denser as in Fig. 4, it is plain that the current will 
flow very rapidly into the condenser until the dia- 
phragm begins to be tightly distended and its coun- 
ter pressure begins to oppose such flow. Therefore 
the current will have a maximum flow in the early 
stages of charging even though the pressure be light, 
the minimum flow in the later stages of charging 
even though the pressure be heavy, for it is counter 
balanced by a correspondingly heavy pressure in the 
diaphragm. The maximum current therefore pre- 
cedes the maximum pressure, or in other words the 
current leads the electro motive force. In precisely 
the same way does an electric condenser receive and 
discharge current into alternating current mains 
and lead the current impulses ahead of those of E. 
M. F. by its action. 

Current displaced in phase with reference to 
impressed electro motive force always results in 
wattless power, and in this case it is even easier to 
see how the distended diaphragm urges fluid against 
the retreating piston, making the latter easier to 
move and thus returning energy to the prime mover. 
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Wattless electric energy is returned to the power 
house generator somewhat differently but none the 
less truly. The current of displaced phase enters 
the generator winding and its maximum value occurs 
when the winding is under the proper pole to drive 
the machine as a motor, thus making it easier to 
turn. The more the phase is displaced the more 
pronounced will be this effect and the easier the gen- 
erator will be to revolve. Thus a machine may have 
full pressure and current but by reason of the dis- 
placed phase of the current may be really generating 
and delivering a mere fraction of its apparent power. 

In Fig. 5 is shown a hydraulic inductance and 
condenser connected in series and subjected to an 
alternating fluid pressure. After the oscillating of 
the rubber diaphragm and the alternate rotations of 
the wheel are well established, it is plain that as the 
current dies away to zero preparatory to an impulse 
in the other direction the motor wheel will continue 
its rotation in the same direction and endeavor to 
maintain or keep up the dying current similarly to 
the Lenz law of electro-magnetic induction. The 
condenser on the other hand will upon the dying 
away of the line pressure tend to force a current 
back by means of its rubber diaphragm, thereby 
opposing the current which the inductance is 
trying to maintain. Thus it is plain that with 
a properly proportioned inertia, and diaphragm 
capacity, the one could be made to neutralize the 
other, and currents could be established in the com- 
bination in phase with the piston impulses and de- 
pending only on the friction of the pipe line and the 
pressure. The motor wheel would keep ste.^ >^\\!cv 



10 ALTERNATING CURRENTS EXPLAINED. 

the piston because it would have the reaction of the 
rubber diaphragm to help it check its motion and 
start it in the other direction. 

It is plain that the pressure around either con- 
denser or motor may even exceed the line pressure 
owing to the combined action of the rubber dia- 
phragm and the pressure created by inertia of re- 
volving motor, all of which tends to raise the pres- 
sure in the line connecting the two. 

In the same way a genuine inductance and capac- 
ity may neutralize each other, so the current would 
flow through the circuit in accordance to Ohm's law, 
and the pressure around either of the two devices 
may far exceed the line pressure, although their sum 
added vectorially, that is to say, with due reference 
to phase relation, will be exactly equal thereto. 

In Fig. 6 is shown a hydraulic inductance and 
condenser connected in parallel and subjected to an 
alternating pressure. This action of these two de- 
vices under such conditions is just as simple as in the 
preceding cases. The alternating current pressure 

stores up fluid in the condenser and provides a velo- 
city of the fluid motor in the proper direction. As 
the line pressure dies away to zero, the condenser in- 
stead of reacting into line, discharges into the fluid 
motor which is already revolving in the right direc- 
tion to receive such a discharge, and the fluid motor 
instead of by its inertia tending to draw current from 
the line, draws current from the condenser. Prop- 
erly proportioned the one could be made to supply 
the false power needed by the other, and the current 
may thus be made to flow through the system in pro- 
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portion to the resistance of the circuits and the pres- 
sure. 

It is plain that the current in the local circuit 
between condenser and fluid motor may be greater 
than the line current because of the combined action 
of the pressure of the condenser and back draft of 
the motor. The exact analogue exists in the equiv- 
alent electrical combinations in which the current 
plays between the inductance and capacity in the 
same way. The device is used with induction "mo- 
tors having a large power factor, and the condenser 
is said to supply the wattless current while the line 
supplies the working current. If the power factor 
of the motor is less than .5, the current in the con- 
denser circuit will exceed the line current, for the 
power factor of any reactive device is the ratio be- 
tween the true and apparent watts that the device 
receives. These simple analogies will be of great 
assistance to the novice and even to those more 
skillful in figuring out the reactions of alternating 
current phenomena. 



CHAPTER It. 
Alternating Current Principles. 

The alternating current has been described by an- 
alogies given in the preceding chapter. The com- 
plete conception of its identification is very difficult 
without such assistance. The beginner in alternating 
currents will remember the well known direct cur- 
rent law 
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These are absolutely true in the case of alternating 
currents always provided that wheji thcformulce are 
used the real E is selected. Unlike direct currents, 
the electro motive force at the terminals of the cir- 
cuit is not always the electro motive force which is 
effective in forcing current through the same and 
which should be used in the foregoing equations. 
Current flowing through the circuit is very naturally 
proportional to the sum of all the electro motive 
forces the circuit contains, just as is true in direct 
Tirrents. For instance, if we have a direct current 
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dynamo generating 100 volts and supplying current 
to a motor, the resistance of which was ^ an ohm, 
we could not reasonably expect a current of 200 am- 
peres to flow. It would be necessary to allow for the 
back electro motive force of the motor, which should 
be subtracted from the impressed electro motive 
force of the terminals. 

Similarly in an alternating current circuit, if it is 
found that the application of the alternating current 
voltage to the terminals of the circuit creates other 
electro motive forces these must be taken into ac- 
count and properly substracted from or added to the 
impressed electro motive force before we can find 
the electro motive force that is really effective in 
forcing current through the circuit. 

In the simple case of a coil of wire wound upon an 
iron core, the application of an alternating current 
electro motive force causes a current to flow in the 
coils. This generates in the coil a magnetic field 
which fluctuates up and down, reversing with the 
current. A fluctuating magnetic field generated with- 
in a coil generates an electro motive force with the 
same, and even if the coil itself carries the current 
which produced the field, it is no exception to the 
rule. This electro motive force of self induction, as 
it is called, seriously interferes with the impressed 
electro motive force and prevents the former from 
sending through the coil a very large current. The 
current that is sent through the coil is proportional to 
an electro motive force which is a combination of the 
two, and is called the resultant thereof. 

To determine just how this resultant is formed by 
its two components demands a more careful analysis 
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of the performance. This will be treated geometri- 
cally for greater simplicity. 

In geometrical diagrams it is very common and 
convenient to represent the magnitude of a quantity 
by the length of a line. Almost every one has seen 
diagrams illustrating the relative population of large 
cities. For instance the population of New York 
would be represented by a line of certain length : of 
Chicago by a line of certain lesser length, of St. 
Louis a lesser length still, and so on, and it is plain 
that if we can represent a number of people by a 
line, we can represent amperes, volts or watts, or 
any other quantity in the same way. To this end we 
will construct a diagram as shown in Fig. i. In this 
diagram vertical lines or distance represent volts, 
and horizontal lines or distance represent units of 
time. The diagram is so drawn that one inch hori- 
zontal represents 200th part of a second, and i inch 
vertical represents 200 volts. As an alternating volt- 
age begins at zero and slowly rises to a maximum 
and then reverses and repeats the operation, it can, 
therefore, be represented by a curved line shown in 
Fig. I, and it is easy to see that if we wish to 
know the amount of the alternating voltage at any 
particular instant of time, we have only to select this 
time on the time axis and measure the vertical dis- 
tance below or above the line. It seems hardly 
necessary to say that the wire or dynamo does not 
contain any such sinuous line of flow as shown in the 
diagram, but the statement is justified by the fact 
that it has been the experience of the writer that 
many who have seen such diagrams as this have 
hought this to be the fact. Fig. i is simply a con- 
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venient way of showing the various values an alter- 
nating current voltage obtains throughout the cycle. 

Now let us suppose that curve i in Fig. 2 repre- 
sents the various values that the impressed voltage 
obtains throughout the cycle, and that curve No. 2, 
represents the- various values which the self-induced 
voltage obtains. Curve No. 2, it will be noted, is not 
in step with curve No. i. Its highest value comes at a 
distinctly later time than that of curve No. 1, and it 
has been purposely so chosen because the self-in- 
duced electro motive force is never in step with the 
impressed electro motive force for the following 
reason : 

The self-induced electro motive force is obviously 
at its highest point when the number of lines of force 
induced by the coil are changing most rapidly. This 
happens when th^ current is rapidly increasing or 
diminishing, and not when it is maintaining a mo- 
mentary steady value at its highest point. Conse- 
quently the high value of the self-induced electro 
motive force does not correspond with the high value 
of the current, but lags behind it, and it remains for 
us to determine what its relation will be to the im- 
pressed electro motive force and to the resultant 
electro motive force. 

The first thing to do is obviously to combine these 
two curves of electro motive force into a third or re- 
sultant curve, for the current will flow in exact 
proportion and step with that resultant. At any one 
instant a. point on the third curve will be the sum of 
the vertical distance of the two other curves. This 
will be the simple arithmetical sum of the two verti- 
cal distances or ordinates when the curves are both 
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below or both above the zero line, but when one is 
above and the other below, it will be their difference. 
Curve No. 3 shows the resultant curve constructed 
in this way. It will be found to be a curve very simi- 
lar to the other curves having just as many crests 
to the second but of a smaller maximum value, 
also lagging behind the impressed curve, but 
leading, that is to say, occurring earlier than the self- 
induced curve. The current is proportional to this 
resultant curve, therefore the current impressed upon 
the line lags behind the electro motive force and is 
very much smaller in value than it would be if the 
electro motive force were not interfered with and 
were the only electro motive force in the circuit. 

Fortunately an important relation obtains be- 
tween the current that is flowing and the curve of 
induced electro motive force. The lines of force 
to which the induced electro motive force is due 
are in step with the current, and it is well known 
that an electro motive force due to lines of force 
in motion is greatest where the time rate of 
change is the greatest. It is obvious that the 
current and with it the lines of force are changed 
most rapidly when the current is passing through 
zero, and that when it is a maximum the flow of 
the current and of the lines of force is for an instant 
steady. Therefore the curve of induced electro 
motive force will be a sine wave with its zero 
point corresponding in time period to maximum 
current, and its maximum point corresponding in 
time period to zero current. In other words, it 
will be displaced therefrom exactly a quarter of a 

xle. 
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Having demonstrated these facts, we are now 
prepared to determine the true power of the 
lagging current. It is possible for us to deter- 
mine the impressed electro motive force very 
readily. We can also determine the actual 
current flowing. We have no obvious means 
of determining the resultant electro motive force, 
which is the real electro motive force by which we 
must multiply in order to get the power. If we 
multiply by the impressed electro motive force we 
will get a result that is too large. For this purpose 
it will be well to consult diagram in Fig. 3. In this 
case curve No. i represents alternating current 
and curve No. 2 represents the alternating volt- 
age, and as will be seen the voltage lags behind, that 
is to say, it occurs later. If we combine the impressed 
voltage with the current, multiplying them together, 
ordinate by ordinate, we shall get a curve such as 
No. 3 in Fig. 3. This will be the true curve of 
power, for it obviously represents the power at 
every instant, for it takes the voltage at the time 
multiplied by the current at the time, and conse- 
quently takes account of the fact that their maxima 
are shifted with reference to one another. This 
power curve appears both above and below the zero 
line, the upper half represents positive power and 
the lower half represents negative power. The mean- 
ing of negative power is a little confusing and many 
students are inclined to think that negative power 
is power flowing in one direction and positive power, 
power flowing in another. Power itself can have no 
direction. A stick of dynamite may contain a great 
deal of power and it may be carried from place to 
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place, but while it is being so carried, the power it- 
self is not acting in any given direction. A quantity 
of heat, which is also power, has no direction of it- 
self. Therefore positive power and negative power 
cannot mean direction. If we were to apply the 
terms positive and negative to heat, we should con- 
sider negative power as the absence of heat and if 
we combine a large quantity of positive heat with a 
smaller quantity of negative heat, we should expect 
a lesser quantity of positive heat. So it is with this 
alternating current energy. The real power which is 
obtained is the difference between the areas of the 
upper and lower crests. The upper crest is the power 
sent out by the dynamo, and the lower crest is the 
power returned to the machine by reason of the in- 
ductive reaction of the coil which is in circuit. 

If the current and voltage curves are arranged as 
shown in Fig. 4, in which the maximum value of 
the voltage occurs at the same time that the mini- 
mum value of the current obtains, 4:he result will be 
as shown below, in which case the positive and nega- 
tive powers are practically equal and the actual 
power exerted in the circuit is zero. In such a case 
the current is sometimes said to be wattless and 
sometimes the volts are considered to be wattless. 
As a matter of fact, this is only a convenient way of 
expressing the matter, but it is sometimes very con- 
fusing. It is perfectly proper to apply the expression 
wattless to a portion of either volts or amperes when 
multiplying the two together to determine the power, 
that is as far as the accuracy of the result is con- 
cerned, but there is no physical reason why this 
should be done. 

If the current is in phase with the electro motive 
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force as shown in diagram No. 5, the power curve 
will appear above the zero line, and the true power 
will also be the apparent power, a? there is nothing to 
subtract therefrom. 

This matter of wattless power is one of great im- 
portance, as all alternating current circuits have a 
certain percentage of it, that is to say, a certain per- 
centage of the power is reacted back into the dynamo. 
Circuits coiled upon iron, condensers, structures in- 
volving these constructions have a very large per- 
centage of power returned to the dynamo, while in- 
candescent lamp circuits have but very little wattless 
power. The ratio of the apparent power to the true 
power is called the power factor and it must always 
be applied in the power equation. Thus a motor 
which is absorbing 20 amperes at 100 volts, that has 
a power factor of .90, is not absorbing 2 kilowatts, 
but 20 X 100 X .90 or 1.8 k. w., for allowance 
has to be made for the power factor. The gener- 
ating dynamo, however, has to be as strong and 
rugged as if it carried the whole current and whole 
voltage in phase and in step, for there is no guar- 
antee as to what the nature of the load carried will 
be. It may be all lamps or it may be all .coils and 
motors, in the one case involving practically unity 
power factor and in the other perhaps a power 
factor having a very considerable effect upon the 
result. Consequently it must be able to stand 
the full rated conditions. It is easily possible, 
however, for the generator to be carrying full cur- 
rent, but for it to be so shifted in phase with refer- 
ence to the generating voltage that there is almost 
no energy being transmitted to tlie line, but most 
of it is being reacted from the V\v\e ;xwv\ \\^\>^\tv^ \.^ 
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drive the dynamo as a motor, as has been shown in 
the foregoing chapter. Consequently the generator 
has a very easy duty, but it will be seen that the gen- 
erator wires are current loaded to the limit and if 
any more current were placed upon them, the arma- 
ture conductors would begin to overheat. In fact, 
the situation is precisely analogous to that of an en- 
gine arranged as shown in Fig. 6. To the crank of 
this engine is attached a cable, and as the crank de- 
scends, the cable hauls up a heavy weight. As the 
crank ascends, however, the weight helps the engine 
to turn around. No useful work is done, for what- 
ever work is expended on the weight is presently re- 
turned to the system, but it is evident that the en- 
gine must be built sufficiently strong and rugged to 
stand the mechanical strains which this weight will 
put upon it, even though it may be doing at its shaft 
only one or two useful horsepower. The dynamo 
with the wattless load is precisely in the same pre- 
dicament. Its useful power is a small percentage of 
the apparent power. Hence wattless current or 
wattless power is a very undesirable phenomenon for 
the central station man, and must be taken into con- 
sideration in all his calculations. For instance, in in- 
stalling induction motors, he must make his trans- 
former larger in horsepower than what is really re- 
quired, in order to make the wires sufficiently large 
to allow this useless exchange of power between the 
motor and transformer. It is commonly figured that 
the kilowatt capacity of the transformer should equal 
the horsepower capacity of the motor. 

In the case of a condenser on a simple alternating 
electric circuit, the current will obviously flow into 
the condenser most rapidly when the condenser is 
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Uncharged, and the flow into the condenser will be 
slow when the condenser is fully charged ; in other 
words, the impressed electro motive force on the con- 
denser lags behinds the current, that is to say, the 
current attains its maximum value first. Consequent- 
ly on the diagram, these electro motive forces are 
combined as shown in Fig. 7; the back E.M.F. 
of the condenser leading the impressed electro mo- 
tive force, and the resultant of the two also leading 
the impressed electro motive force an intermediate 
amount, and the current which is proportional to this 
resultant leads also. Being displaced in phase, how- 
ever, the current and voltage curves combine and 
involve a power factor as before. 

In an alternating current circuit, however com- 
plicated, there can be only one current flowing 
at any one time in any one part of the circuit. This 
current is the resultant current of any branch cur- 
rents which may be flowing into this particular part 
of the circuit. Thus we may have a diagram such 
as is shown in Fig. 8, in which two currents, one 
leading the electro motive force and the other lag- 
ging behind. Equal amounts of opposite sign 
may be added together and produce practically a 
zero result, that is to say, one will compensate for 
the other. Thus in Fig. 9 we may have in parallel 
on an alternating current circuit a coil wound on iron 
and a condenser. Either alone might call for a sub- 
stantial current from the mains which would be watt- 
less in its character, the one leading the electro mo- 
tive force and the other lagging, but the currents of 
the two if combined, and simultaneously applied to 
the circuit, will produce in the supply line a very 
small current indeed, although the e\TCu\^.\A.OTv oi ^>a>x- 
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rent between condenser and coil may be quite large, 
as pointed out in hydraulic analogy in the previous 
chapter. 

With the condenser and coil in series, as shown in 
Fig. lo, there is only one current in the circuity but 
we know that in the coil there is a lag between the 
current and electro motive force, and in the con- 
denser there is a lead ; consequently, as the current 
is the same in all parts of the circuit, the electro 
motive forces about the condenser and coil respect- 
ively must be widely out of step with each other and 
so-indeed it will be found. They will often be very 
much larger than the impressed electro motive force 
on the circuit, but when added together by the meth- 
od of curves, will produce as an impressed electro 
motive force which creates them very much smaller 
than either component. 

The foregoing method of combining electro motive 
force and voltages for alternating work will, per- 
haps, enable the student to have a more concrete 
view of what actually occurs in the circuit but it is 
by no means a convenient method of attaining the 
result. Therefore, for complete mastery of the sub- 
ject, the student must pay particular attention to 
the simpler methods of adding and subtracting alter- 
nating current electro motive forces and voltages 
with due regard to phase. Of these methods there 
are two, the geometrical method, which is some- 
times called the graphical vector method, and the 
algebraic method, which involves the use of complex 
quantities, and which was first introduced by Charles 
P. Steinmetz. Both should be carefully studied, but 
the vector method being the simplest, deserves the 
more immediate attention of the beginner. 



CHAPTER III. 

Single Phase Constant Potential Trans- 
formers. 

THE LAW of turns AND VOLTAGES. 

A complete knowledge of transformers in all their 
possible forms and performance is essential to those 
who install and operate them. A transformer of 
whatever type consists of an iron core, usually of 
such form as to completely encircle the turns of one 
or more copper coils which may be wound upon it. 
If a copper coil wound upon such a core is excited 
with an alternating current, an alternating flux of 
magnetism will be produced in the core. The effect 
of this flux is to induce an electro motive force in 
every turn of copper wire wound around the same, 
whether it be an independent coil or the identical 
coil in which the current is impressed from the out- 
side source. This electro motive force is the result 
of a combination of several electro motive forces 
according to conditions and is practically equal to 
the impressed or primary electro motive force 
divided by the number of turns on the primary coil. 
It is in almost direct opposition to the impressed 
electro motive force in phase, that is to say, when 
the outside supplied source of electro motive force 
has a maximum positive value, the force which is 
generated in each coil by means of the magnetic 
flux, has a very nearly equal and opposite negative 
value. So nearly in fact are these electro motive 
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forces equal in magnitude and opposite in relation 
that the impressed electro motive force on the pri- 
mary coil is almost balanced by the induced electro 
motive force within it, so that the current flowing 
in response to the slight difference between these two 
forces is very small indeed. It is this current which 
does the magnetizing, and this is therefore some- 
times called the magnetizing or leakage current. 

It is evident from the foregoing that if there be 
few primary turns with a high voltage upon them, 
there must be much flux in order that the necessary 
high back electro motive force just referred to shall 
be produced. If the iron circuit is not adequate in 
such cases, its intense magnetism will cause it to 
hum loudlv and the iron will become verv hot. More- 
over the magnetizing current will be large and the 
impressed electro motive force will differ more 
largely from the back electro motive force 
both in magnitude and in its opposite char- 
acter of phase relation. These considerations 
fix the proper number of turns and amount 
of iron used in transfonners. If for in- 
stance we were to place a transformer designed 
for 50 volts upon a 100 volt circuit, we should not 
by so doing increase the turns. The back electro 
niotive force must, however, nearly equal the im- 
pressed electro motive force and therefore the flux 
niiist be practically double. The iron would sing and 
become hot, the regulation would be poor, in short, 
tile combination would not be suitable. 

In order that we mav understand the law of volt 
^ST^s more clearly, let us consider a concrete case. 
^^t us suppose that we have a suitably designed iron 
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core and have wound upon it a coil of 6 turns, as 
shown in Fig. i. To this coil we apply an electro 
motive force of 6 volts. A back electro motive force 
of almost 6 volts is immediately generated within the 
coil and very little current can flow. Each turn is 
therefore capable of producing practically one volt. 
If we wind on the same core an independent second- 
ary coil of two turns we should have generated in 
each turn an electro motive force of one volt be- 
cause it surrounds the same flux of magnetism. If 
the coil had two turns, the voltage would be 2, and so 
on. Therefore it is plain that by selecting the proper 
number of turns we can have the secondary voltage 
anything we please. 

If we attempt to draw current from the coil of 
two turns which we have previously wound as a 
secondary upon the core, and draw from the same 
one ampere, it must be noted that this ampere flow- 
ing in response to the electro motive force in oppo- 
site phase to the primary force, generates a demag- 
netizing effect of two ampere turns. The effect on 
the primary coil is to cause the same to absorb from 
the line enough current to counterbalance this de- 
magnetizing action. As there are 6 turns in the pri- 
mary coil, only one-third of an ampere will be re- 
quired in order to produce 2 ampere turns. There- 
fore in drawing i ampere at 2 volts from the second- 
ary, we absorb in the primary one-third of an ampere 
at 6 volts, the same amount of energy. Further- 
more and most important this ampere turn in the 
primary will exactly balance the ampere turn in the 
secondary whether the secondary current lag or lead 
Us electro motive force. Thus the introduction of 
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a transformer into a circuit reflects back on the 
generator all the lagging or leading effects due to 
inductance or capacity in the secondary receiving 
circuit. 

These statements are somewhat modified be- 
cause in this process a certain amount of energy 
is lost in heating the copper coils and in magnet- 
izing the iron, but they are nearly enough the 
fact to answer all practijal pui^^oscs. A simple 
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transformer of the form thus discussed is illustrated 
in principle in Fig. i. Its diagrammatic representa- 
tion, such as is used in transformer connection dia- 
grams, given in the lower portion of the figure. 

It is plain, therefore, that we could wind a trans- 
former with a number of secondary coils of different 
voltages and current capacities, all receiving their 
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energy from the flux of magnetism generated by the 
primary coil. Composite transformers of this class 
are not uncommon. For instance a transformer may 
be wound with a single primary receiving current 
at 10,000 volts. It may have several secondaries, one 
adapted to deliver no volts for lighting purposes, 
and the other 340 volts to supply to a rotary con- 
verter for railway work, and if desired still another 
to supply current at 500 volts to operate an induction 
motor. In fact the combinations that can be obtained 
in this way are practically infinite. A composite 
transformer is shown in diagram in Fig. 2. 

The primary coil of the transformer may be also 
sub-divided into two or more parts. Remembering 
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that the flux and the performance of the transformer 
depend on the primary voltage divided by the num- 
ber of turns, it is plain that if in the concrete case 
which we assumed a moment ago we excite a coil of 
50 turns at 50 volts, we should have the same effect 
magnetically as if we excited 100 turns at 100 volts. 
It is very common to divide the primary coil of a 
transformer into at least two parts so that they can 
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be operated on either of two voltages, one of which 
is one-half the other. Such a transformer is shown 
in principle in Fig. 3. 

Sometimes it is convenient to have the secondary 
voltage adjustable. To effect this, one terminal of 
the secondary is connected to the circuit to be sup- 
plied, and the other to the arm of a multiple contact 
switch which will cut in more or less turns and vary 
the volts correspondingly. This arrangement is 
used with large central station transformers ^here it 
is desired to raise the voltage on the line as the load 
comes on and thereby compensating for the volts 
lost in the transmission so that the volts at the re- 
ceiving end of the line may be constant. A trans- 
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former with an adjustable secondary is shown in 
diagram in Fig. 4. 

A transformer, as its name implies, transforms 
energy. It cannot create it. For every watt that is 
drawn out of the secondary or secondaries in a 
transformer a corresponding watt must be absorbed 
by the primary from the line, plus a small additional 
amount to make up for the losses of the device, so 
small that for the purpose of this discussion it may 
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be negkcted. As the previous paragraphs have 
shown, for every ampere turn that the secondary 
current imposed on the core a counterbalancing 
ampere turn must appear in proper phase relation in 
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the primary coil so as not to disturb the magnetizing 
flux which is doing the work. 

In two coils producing equal ampere turns, one of 
which has more turns than the other, say ten times 
as many, it is evident that the coil of many turns 
needs onlv one-tenth the current that the coil of few 
turns requires in order to produce a balance. It is 
also plain that the copper wire of the coil of many 
turns need only be one-tenth as big as the copper 
wire of the coil of few turns because of the lesser 
current that it has to carry. As there are ten times 
as many turns however in the coil of many turns, the 
volume of copper of both coils is the same, therefore 
the copper in the primary of a well designed trans- 
former is practically equal in volume to the copper 
in all of the secondaries put together. In the sim- 
ple case of our 6 volt transformer, if we have a coil 
of 6 turns of No. 10 for the primary, the secondary 
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producing two Volts must have a coil of wire of two 
turns only but equal in area to 3 No. 10 wires be- 
cause it has to carry three times as much current as 
the primary coil, if it is to deliver the full amount of 
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energy which the primary coil is capable of absorb- 
ing. If we are content to take from this coil a lesser 
amount than the primary is capable of transforming, 
we can make its secondary wire area correspondingly 
ess. This is sometimes the case in composite trans- 
formers where we wish to transform a part of the 
primary energy for one purpose and another part 
)r another. 

The electro motive forces of one or more trans- 
formers, all excited from the same primary source, 
can always be connected in series, and if their values 
are alike they can be connected in parallel. Al- 
though an alternating current transformer is popu- 
larly supposed to have neither positive or negative 
terminal, yet due regard must be had for the proper 
election of terminals in multiple and series connec- 

ms. Taking the diagram shown in Fig. 5, where 
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W€ have two transformers excited from the same 
primary mains, if we connect them as shown in the 
figure, we shall have the secondary electro motive 
forces added together, which may answer our pur- 
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poses in some cases. If, however, a mistake was 
made and the transformers were connected as shown 
in Fig. 6 the electro motive forces would be sub- 
tracted from each other and only the net result 
would appear at the terminals. If the two trans- 
formers were equal in voltage, there would be no 
difference of potential at the terminals in the case of 
this second connection. 
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The voltmeter is of lesser assistance in this case, 
for even though it be an alternating current volt- 
meter it does not distinguish between like and un- 
like terminals. In the case of lighting circuits, 
where this problem frequently arises, the best way to 
determine whether the transformers are correctly 
connected is to make one connection and try 
the free terminals with a lamp equal in voltage to 
the voltage of the two transformers added together. 
If this lamp lights, they are connected in series and 
unlike terminals are connected together. If not, 
like terminals are connected together. This device 
is very useful in identifying when it is desired to 
connect in parallel, as shown in Fig. 7. 

Series connection of transformer secondaries, as 
shown in Fig. 8, is much used to supply three wire 
systems. These may be supplied from two trans- 
formers, as shown in the figure, or as in Fig. 9, from 
a single transformer with two secondaries wound 
upon the same core. 

Parallel connection is sometimes required when 
it so hapj>ens that a very heavy circuit of lamps or 
motors is to be supplied, and the transformers at 
hand are not suitable for the work but several must 
be used. It is important in connecting transformers 
for parallel work to try the lamp test before making 
the second connection, for if by some mistake they 
should happen to be connected in series, the making 
a second connection, as in Fig. 10, will cause a 
short circuit which will call for such a heavy cur- 
rent from the secondary that the primary will ab- 
sorb a correspondingly heavy current to counteract 
he demagnetism and supply the energy, and in sq 
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doing will blow out the fuse." With a lamp in circuit 
as a preliminary test, if such a combination occurs, 
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the current that will be drawn will be very small and 
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its presence will be betrayed by the lighting of the 
lamp. The ends of one of the transformer secon- 
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daries should then be reversed, and if the lamp fails 
to light on the second trial, the two ends to which 
it was connected are alike and may be safely coupled 
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FIG. II. 



together and the two transformers are ready for 
parallel operation. It must be further appreciated 
that the transformer voltages must be exactly alike 
for safe parallel working, for otherwise they will 
exchange currents. In short they will behave ex- 



H 8 Amp. 6 Volte 
. •^ 5 Turns 





SToms 
XAmpw 

FIG. 12. 



10 V. 
8 Amp. 



2 Amp. 6 Toms 



i Am ). 





5 Turns X Amp. 
i Amp. 5 Volts 

FIG. 13. 



actly like dynamos of unlike voltages in parallel. 
For this reason it is best to confine parallel working 
to transformers of the same make, type and capacity 
for slight differences are serious and are likely to 
obtain. 
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A precaution should be observed in connecting 
transformers in series for the purpose of generating 
very high electro motive forces. Taking Fig. 1 1 as 
a concrete case, we have here a number of trans- 
formers whose primaries operate at lOO volts, and 
are all in parallel, each being connected across the 
same source of supply. The secondaries, each of 
I, GOO voltSi are connected all in series to produce 
5,000 volts. It must not be forgotten that the full 
potential is impressed between primary and second- 
ary on the insulation of the two transformers at the 
end of the series, and unless they are built for such 
work they will break down. 

An interesting modification of transformer ar- 
rangement is known as the auto transformer. In 
this arrangement the primary and secondary coils 
are connected together. Figs. 12 and 13 show two 
methods of connecting the auto transformer. In 
the first method the case is made concrete so as to 
be clearly illustrative. In the one case the primary 
current passes through one section of the coil and 
thence through the load or receiver circuit back to 
the mains. In so doing it loses 5 volts leaving only 
5 on the receiver circuit, but by reason of the flux 
produced by the core, 5 volts is generated in the 
other coil, which being in parallel with the re- 
ceiver current delivers current thereto, in fact just 
the same amount as the primary circuit. In this 
way the receiver circuit receives double the current 
at one-half the voltage, but as the secondary of this 
transformer supplies only one-half of the receiver 
current, only one-half of the energy is transformed. 
In this way a i kilowatt transformer might serve 
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to transform 2 kilowatts because one of the kilo- 
watts would be received directly from the primary 
circuit, and the other by means of transformation 
through the secondary circuit. This would be 
cheaper than to build a transformer which would 
transform the whole two kilowatts and the losses 
would be less. It is therefore much used. 

The converse arrangement is explained a little 
differently. In this case one of the divisions of the 
coil is connected to the line and receives current 
therefrom, the load is connected across the termi- 
nals of the two coils which are in series. The pri- 
mary current in passing through its coil generates 
a flux which induces an electro motive force in the 
other half of the coil, and therefore such current as 
flows through the secondary circuit is urged both 
by the primary electro motive force and by the 
electro motive force of the other section of the coil 
connected in series therewith. The current in the 
coil connected directly to the primary mains is equal 
and opposite in direction to the current flowing in 
the secondary circuit, necessarily so to compensate 
for the demagnetizing action of the coil not con- 
nected across the primary mains, and incidentally 
conforms to the law of the conservation of energy. 
That is to say, the receiver circuit receives one-half 
the primary current at double the primary voltage. 

For cases where the primary and secondary volt- 
ages are closely alike, the auto transformer is by 
far the best arrangement. For instance, where it 
was desired to transform from 100 volts to no 
volts, a suitable auto transformer would be one- 
eleventh the capacity of a transformer on the ordin- 
ary plan. 



CHAPTER IV. 



Single-Phase Transformers — Continued. 

The transformers discussed in the preceding chap- 
ters have all been supposed to receive their energy 
from a source of constant potential. It is often de- 
sirable to use transformers in other ways in which 
the potential at the primary is not a constant quan- 
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tity. In any case the transformers will behave in 
strict accordance with the laws laid down in the pre- 
ceding chapter, that is to say secondary voltage will 
bear to the primary voltage the same ratio as the 
primary and secondary turns. It is understood that 
the primary coil is the coil that receives the energy, 
and the secondary coil the coil that delivers it. 

Prominent among the cases where constant poten- 
tial is not employed is that of the constant current 
series transformer. In principle it differs not at 
all from the transformers for constant potential ser- 
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vice excepting that its coils and core are differently 
proportioned for the currents and flux they are to 
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carry. Such a system of transformers is usually used 
in series, and the current in the primary circuit is 
kept constant by proper regulating means identified 
with the source of supply. 

Let us see what the effect of such a transformer 
will be with various resistances in its secondary or 
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receiver circuit. In the first place consider the sec- 
ondary coil to be short circuited. The current in the 
primary coil will not rise to a large value as in pre- 
vious cases because it is kept constant. The cur- 
rent in the secondary coil will therefore rise to a 
value sufficient to almost neutralize the magnetizing 
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action of the primary, leaving a small margin in its 
favor to produce a magnetizing flux through which 
the work of transformation is performed. 




Let us now suppose that considerable resistance 
is inserted in the secondary circuit. Remembering 
that the primary still has a constant current forced 
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through it, the same law will hold, the secondary cur- 
rent will remain substantially the same as before, 
but owing to the external resistance of the circuit, 
the secondary voltage must therefore be largely 
increased in order that the current shall remain prac- 
tically unchanged. The law of turns and voltages 
will still be followed, and therefore the primary volt- 
age will rise also. The difference between primary 
and secondary magnetizing effect however will be 
greater than it was before, because in order to pro- 
duce added voltage, there must be increased flux in 
the core and therefore a greater difference between 
the primary and secondary magnetizing effects. 

If the secondary current is open-circuited, the pri- 
mary current will be maintained unaltered by the 
generating source and uncounteracted by any secon- 
dary demagnetization, for the secondary circuit is 
open. Therefore the flux- in the core will rise to a 
very high value indeed, causing such a high back 
electro motive force in the primary coil, that the gen- 
erator will find it necessary to impress a correspond- 
ingly greater electro motive force on the transformer 
in order to maintain the constant primary current. 
In short, the transformer will behave very like a 
direct current series arc dynamo and should be so 
handled, being short-circuited on no load and when- 
ever load is inserted, it should be open-circuited into 
the line in the same way as with series arc lamp 
circuits, and the transformer secondary should never 
be open-circuited. 

In the constant potential transformer it will have 
been observed that the core flux remains moderate- 
ly constant, and that the current in the primary and 
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secondary coils varies according to the exigencies 
of tlic load. In the case of the scries transformer 
however, the current in the coils remains constant 




FIG, 6. 

and the magnetizing flnx varies from a small amount 
on short circuit to approximate saturation on open 
circuit. Thus for series work a transformer must 
be designed with careful regard for its iron losses 
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and its magnetic circuit must be so proportioned as 
to comfortably carry the maximum magnetic flux, 
which will appear in the circuit when the largest 
external secondary resistance that the transformer 
is intended to supply is connected thereto. The cop- 
per of such a transformer, however, need only be 
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proportioned lo carry comfortably the constant cur- 
rent at which it is intended to operate. In these 
respects therefore its design differs from the design 
of the constant potential type. Series transformers 
are not much used in practice except in special cases 
which will be cited farther on. A system of series 
transformers which are commonly used for arc 
lighting purposes is shown in diagram in Fig. i. 

In this connection it is interesting to consider a 
transformer which will generate a constant current 
of the character required to supply such a system as 
this. If a transformer is so built that all the mag- 
netic lines of force generated by the primary fail to 
pass through the secondary, the law of voltages will 
no longer hold. This fact is taken advantage of in 
the construction of transformers adapted to be fed 
at constant potential but required to deliver a con- 
stant current. Such a transformer is shown in 
diagram in Fig. 2. It will be noticed that the mag- 
netic circuit does not closely surround the coils, and 
therefore if the secondary be placed in a position 
distant from the primary, there will be a considerable 
amount of magnetizing flux generated by the latter 
which fails to pass through the former. Conse- 
quently the secondary voltage can be varied by vary- 
ing its distance from the primary so as to include 
more or less lines. 

If a simple straight core of iron wires be mag- 
netized by alternating current, and a closed secon- 
dary in the form of a ring be slipped upon this core 
as shown in Fig. 3, it will be found that the ring is 
violently repelled from the exciter coil, and if prop- 
erly designed the ring may be made to jump several 
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feet in the air at the instant the primary current is 
applied. This may be readily explained when it is 
remembered that the current in the secondary closed 




circuit ring is almost equal and opposite in its mag- 
netizing effect to that of the primary, and opposite 
currents in two adjacent wires cause magnetic re- 
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pulsion between them. Therefore in such a trans- 
former as the one under consideration, there will be 
a repulsion between the primary and secondary coils, 
and if the transformer is ingeniously designed and 
the secondary held in a position of suspension by a 
system of chains and counter- weights, this repellant 
force can be used with advantage for regulating 
purposes. For this work the system is so designed 
that a very slight force will suffice to move the 
secondary to the limit of its travel in its endeavors 




FIG. 9. 
; its distance from the primary, and hence 
a very slight increase of current will suffice to make 
it travel the full distance. By proper design the 
transformer can be so arranged that on short cir- 
cuit or light load the secondary will be repelled to the 
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limit of its motion and will produce a certain cur- 
rent. If added load in the form of extra resist- 
ance is placed in the secondary circuit, the current 
will diminish if the secondary retains its extreme 
position. The effect of this diminished current is 
to cause the secondary coi! to sink into a stronger 



r 




field, thereby enabling it to raise its voltage and 
force through the secondary circuit almost as much 
current as there was before, and for all practical 
purposes the same current. Such a transformer will 
therefore give constant current at all loads within 
the limit of its capacity, its voltage falling as the 
secondary coil rises and vice versa. 

The exact mechanical arrangement of trans- 
formers on tJiis principle varies somewhat, tte awxN.- 
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plest form being shown in Fig. 4. An interesting 
variation is shown in Fig. 5. This is the case of 
large transformers where the repulsion of the 



secondary, instead of being balanced by a weight, 
is balanced against the weight of another secondary, 
the difference being made up by weights. The 
balancing weights in all cases are equipped with a 
sector winding up a chain on which the weight is 
suspended, the sector being so shaped that the balan- 
cing force impressed upon the lever varies in the 
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same way as the repelling force of the coils. Such 
a transformer is shown in Fig. 5. the complete ma- 
; being shown in Fig. 6. These transformers 
are sometimes, called tub transformers owing to a 
fancied resemblance of the early forms. Tliey are 
often oil insulated. 

Another interesting application of the transformer 
is known as the Stillwell regulator. In this arrange- 




FIG. 15. 



ment energy is supplied from a coil in parallel with 
the primary circuit, and a secondary capable of 
carrying the full generator current receives energy 

I from this primary, and by reason of its connection 
s with the generator circuit, adds to or takes 

' from the line vohage according to connection. This 
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secondary is commonly made adjustable and rever- 
sible also with reference to the primary mains so that 
it can either add to or take from the primary volt- 
age any part of its electro motive force as far as the 
range of adjustments will permit. Fig. y illustrates 
the principle and Fig. 8 an actual Stillwell regula- 
tor. 

Another and very interesting form of transformer . 
is utilized for the .same purpose. In this case the 
secondary is mounted on a movable core which can 
be revolved with reference to the primary core. 




When this coil is set so as to register accurately 
with the primary coil, the full voltage is available 
and may Ik- added to the primary electro motive 
force. As the core is revolved, less and less lines 
from the primary ihreafl through the secondary, 
and finally at a middle position the secondary con- 
tributes no regulating voltage to the lines. Revolv- 
ing further, it begins to subtract its voltage from the 
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line voltage as the lines of force are now threading 
through the secondary in reverse direction and this 
can be continued up to the limit of the range of the 
device. This arrangement has the advantage of 
having no step by step contacts and is therefore 
capable of infinite variation between its limits and 
moreover, avoids the arcs at the contacts which are 
in some cases objectionable. Figures 9, 10 and 11 
show the parts and complete assembly of a device of 
this character. 

Still another form of feeder regulator employs 
both primary and secondary coils which are 
stationary, and a portion of the magnetic cir- 
cuit is made rotatable so that it will by proper 
changes in its position, cause a greater or less num- 
ber of lines of force from the primary pass through 
the secondary, thereby varying the voltage which the 
secondary adds to the line. 

Fig. 12 shows how such an apparatus is connected 
into the circuit, and Fig. 13 illustrates the apparatus 
itself. 

Another form of regulating device employing the 
transformer principle is shown in Fig. 14. In this 
case the secondary is a closed ring and is movable 
with reference to the primary. When directly sur- 
rounding the primary the demagnetizing action is so 
great that much current flows in the primary. When 
it is moved away on another part of the core the 
demagnetizing action is reduced and . the primary 
requires more voltage to maintain its current. This 
primary being in series with the load can thus absorb 
any desired amount of the generator voltage up to 
the limits of the device. At the extreme maximum 
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current position the apparatus is arranged to short 
circuit itself and thus cut out of circuit. These 
regulators are used mostly for dimming lamp cir- 
cuits and are not generally employed to so regu- 
late circuits where a small but constant percentage 
regulation is desired. 

Transformers are largely used to deflect instru- 
ments for the purpose of measuring current and volt- 
age. For instance, let us suppose that it is desired 
to measure a voltage on a 10,000 volt circuit. It 
would be verv inconvenient to construct an instru- 
ment to receive and measure this voltage directly, 
and so for this purpose a small transformer is built 
which reduces the voltage one one-hundredth in 
exact proportion, however it may vary, and due 
correction may be made for this reduction in calibra- 
ting the instrument, the load on the latter transformer 
being so light that the law of voltages and turns is 
followed very closely indeed and sufficiently accurate 
for switch board work. Sometimes it is desirable 
to make the switch board transformer reduce from 
the primary voltage to the secondary delivery volt- 
age at distant points of the line, and no account is 
taken of the fact that the primary voltage is thus 
stepped down, the manipulator being content to ad- 
just his apparatus with reference to the receiver cir- 
cuit voltage w'hich is after all the most important 
quantity. In this connection may be mentioned a 
common but reprehensible practice of loading the 
voltmeter transformer wath pilot lights for switch 
board purposes, it usually being very convenient to 
run wires thereto. A loaded transformer as we have 
ien, does not follow the law of voltages and turns 
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as closely as one which has practically no load and 
therefore the accuracy of the indications of the 
instrument are seriously affected by this practice. 
A switch board transformer is illustrated in Fig. 15. 
For measuring heavy alternating currents a series 
transformer is employed. This series transformer 
rarely has an iron circuit because the flux in this 
transformer varies and the quality of the iron would 
throw variations in the indications of the instru- 
ment connected to the secondary. With an air core 
the number of lines of force threading through the 
primary and secondary is directly proportional to the 
current in the primary provided very little current 
is taken from the secondary. Therefore the second- 
ary voltage is directly proportioned to the flux and 
to the current, and can be measured by a suitable 
instrument and calibrated in amperes. A series 
transformer for this purpose is shown in Fig. 16. 



CHAPTER V. 
Phase Difference and Vector Summation. 

When alternating currents or electromotive forces 
are not in step, they are said to differ in phase. It 
can be easily seen that this phase displacement may 
be any amount from the exact opposition to exact 
agreement. The amount of phase displacement is 
measured in degrees. The degree as a unit is chosen 
for this purpose because it is very convenient in cal- 
culation, as we shall see later on, and particularly 
in a certain process invaluable in alternating current 
work known as vector summation. 
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FIG. I. 

If we connect two alternate electromotive forces in 
series and they agree in phase, the potential at the 
free terminals of the circuit will be equal to their 
simple arithmetical sum as in the case of direct cur- 
rents. If, however, the alternate electro motive 
forces differ in phase, the terminal potential wall not 
be their simple sum, but a quantity differing there- 
from according to the amount of phase shifting be- 
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tween .the two component electro motive forces 
which combine to produce the resultant. It is for 
these cases that the simple process of vector sum- 
mation has been devised. 

It is highly important that this principle be thor- 
oughly mastered by the student especially in poly- 
phase work where it is often necessary to combine 
currents or electro motive forces which differ in 
phase and to determine the magnitude and phase of 
the resultant. 

In vector summation we will first consider the 
case of electro motive forces. We will suppose that 
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we have two electro motive forces each from a sep- 
arate transformer excited from the two phases of a 
two phase machine. These electro motive forces will 
not be in step but will be held rigidly 90° apart, by 
the machine. One electro motive force will be a 
maximum, while the other is zero and vice versa. 
What will be the magnitude and phase of the re- 
sultant if these electro motive forces are connected 
in series? 

Figure i shows the circuit connections, and at the 
right thereof is a vector diagram which solves th^ 
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problem. In this diagram the electromotive force 
of I GO volts from the transfonner supplied from 
phase A is represented by the line O A which is loo 
units in length. Its phase is represented by the an- 
gle it makes with the vertical reference line x y, and 
in this case it happens to coincide with it. The elec- 
tro motive force from the transformer supplied from 
phase B is 90° behind that of phase A, and is there- 
fore represented by line O B, also 100 units long, 
but 90° behind O A or at right angles thereto. The 
convenience of using the degree notation now be- 
comes apparent. The resultant, which it is the ob- 
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ject of the problem to find, is represented in mag- 
nitude and phase by the diagonal of the completed 
rectangle. If the drawing is carefully laid out to 
scale it will be found to be 141 units or volts long, 
45 degrees behind O A and an equal amount ahead 
of O B. 1. 4 1 is the square root of two and is al- 
ways the ratio between the restiltant and its compon- 
ents if the latter are equal and 90° apart. As this is 
a common combination in two phase work it is im- 
portant to remember this ratio. 
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If one of the electro motive forces be reversed, 
the combination in figure 2 is obtained. A moment*3 
inspection shows that the resultant O C is of the 
same magnitude as it was before, but its phase po- 
sition has been shifted back 90° from the former po- 
sition. It is now 45° behind instead of ahead of 
O B, counting counter clockwise. If phase B is re- 
versed instead of phase A, we get the result shown 
in figure 3. The resultant is unchanged in magni- 
tude but altered in direction, being now 45° ahead 
of O A and 90° ahead of its original position. 

Finally if both A and B are reversed, that is to 
say their free terminals are applied to the receiver 
circuit in reversed relation, the arrangement shown 
in figure 4 is obtained. O C the resultant is still 
unchanged in magnitude but changed in position, 
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in fact 180 degrees removed from its position in 
figure I. 

From the foregoing we have the following im- 
portant results : 

I — A resultant of two combined electromotive 
forces is the diagonal of their completed parallel- 
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ogram on a vector diagram, and is thus represented 
in both magnitude and phase relation. 

2 — A resultant combined of two equal electro mo- 
tive forces 90° apart are equal to one component 
multiplied by the square root of two and is exactly 
midway between them. 

3 — Reversing an electro motive force is equiva- 
lent to shifting it 180 degrees on the vector diagram. 

We are now ready to investigate a more compli- 
cated case shown in Fig. 5. In this case the com- 
ponents are not equal and the diagonal O C, while 
the diagonal of the parallelogram as before, is near- 
er in phase to the more powerful component. By 
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versing the electro motive forces relatively to each 

lier and to the receiver circuit, the magnitude of 

le resultant would remain unchanged, but it could 

be made to occupy any one of the positions, O Cj, 

OC,, OQ, OQ. ' 

We are now ready for another important rule. 

When the electro motive forces 90"* apart are con- 

lected in series, the magnitude of the resultant is 
ot cbwged however thQ ^Iwtro motive forces 8^rc 
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connected together. The phase position of the re- 
sultant can, however, be shifted in four different 
positions by changing the connections. 

When the component forces are at some other 
angle than 90°, the case is altered. In machines 
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giving three electro motive forces displaced in phase, 
the forces are 120° apart. 

If we take two electro motive forces of the three 
from a three phase machine and connect them in 
series, we shall have combinations as follows : 

Figure 6 shows the connections and vector dia- 
gram of two equal forces 120'' apart. OC the result- 
ant is the diagonal as before and will be found to be 
equal to either of the components and midway be- 
tween them in phase as will be found if a drawing 
is made to scale. 

If, however, O A is reversed thereby and moved 
180 degrees on the diagram, the results shown in 
figure 7 are found. OC the resultant is shifted 90 "" 
and increased in value to 173 or one hundred times 
the square root of three, This is a common ratio 
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in three phase combinations and should be remem- 
bered. It will be seen at once by shifting the con- 
nections as described in preceding paragraphs that 
the resultant can be given two values and four phase 
positions as shown in figure 7. 

Finally let us tak? the case of several displaced 
electro r^otive forces to be connected in series. The 
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case is depicted in figure 9. OA and OB are first 
combined to form OB in the manner described, and 
OB is combined with OC, the remaining electro mo- 
tive force, to form the final resultant OE. Thus the 
process can be extended and carried into endless 
combinations. 
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The attention of the student is earnestly recom- 
mended to the foregoing, for by its aid many puz- 
zHng problems may be solved. The resultant electro 
motive force in a complete circuit is a very import- 
ant matter to determine for the current flows in ac- 
cordance with it, agreeing with it in phase and pro- 
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portional to it in magnitude according to the time- 
honored Ohm's law. 



CHAPTER VI. 



Phase Difference and Vector Summation — 

Continued. 

In the last chapter a few notes were given con- 
cerning the study of combining voltages of different 
phase and obtaining the resultant voltage. In 
polyphase work it very frequently happens that cur- 
rents of different phase add together in a common 
line and the resulting current differs in phase and 
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magnitude from that which would obtain in the 
ordinary combination of direct currents. For in- 
stance, if we had two transformers as shown in 
Fig. I and these transformers were alike in voltage 
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and current capacity and excited at the same phase 
we could arrange a three wire system from them as 
shown in the figure. This three wire system would 
have all the properties of a direct current three wire 
system and as long as the load was balanced there 
would be no current in the middle or neutral wire, 
and the amount that the neutral would carry would 
depend upon the unbalancing of the load. If how- 
ever the phases of the currents in the two trans- 
formers are shifted and held in a rigidly shifted 
position by suitable means such as exciting the pri- 
maries from the current of different phases obtained 
from a polyphase generator, the current in the neu- 
tral wire requires to be determined vectorially. 

Let us take first the case where transformers A 
and B produce currents which are shifted 90 de- 




FIG. 2. 



grees with relation to each other. Let us assume 
that the loads on each transformer are the same, 
namely 10 amperes on each transformer. What is 
the phase and magnitude of the current in the neu- 
tral wire ? It is best in such a case to consider that 
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the neutral wire is a common return for the trans- 
former, and that whatever current enters it at its 
distant end to flow back to the transformer system, 
combines vectorially with the other currents. In 
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this case the vector diagram at the right of Fig. i 
solves the problem. The current in the neutral wire 
it will be seen is 14.1 or ten times the square root 
of 2, and is shifted in phase midway between the 
phases of the currents in the two outer wires. This 
is called the three wire two phase system and is 
quite an important system. 

If the two transformers were excited from two 
of the phases of a three phase machine, the voltages 
being 120 degrees apart, the resulting current in the 
middle wire would agree in magnitude with those 
in the outer wires, but would be shifted midway 
between them in phase, the vector diagram at the 
right of the figure being the geometric solution of 
the problem. If the phases were 60 degrees apart, 
the current in the middle wire as shown by the vector 
diagrams in the lower part of Fig. i would be 17.3, 
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or ten times the square root of 3. These current and 
voltage combinations that have been given will be 
found exceedingly useful in the polyphase combina- 
tions which are now to be studied. 

A polyphase machine is one which is capable of 
giving two or more currents from its windings which 
are rigidly fixed in shifted phase relation to each 
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other. The details of construction of such a machine 
are left for succeeding chapters. It is sufficient for 
the student to remember that such machines present 
to the circuit several terminals between each of 
which is a winding located on the armature of the 
machine, and that the voltage obtained between each 
of the terminals and the phase differs in different 
cases. For instance we may have a two 
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phase machine which is equipped with two inde- 
pendent windings so arranged on the armature that 
they produce voltages 90 degrees apart. Such a 
machine would have four terminals, two for each 
independent circuit. It is commonly represented 
by the diagram shown in Fig. 2, and is called the 
two phase four wire system. Each circuit is loaded 
independently of its mate as a simple alternating 
current circuit, and thus single phase work can be 
had from such a machine. Wherever motors or 
other devices requiring both phases are necessary, 
all four wires are led to the locality and current 
is taken from the four wires simultaneously. It 
will be noted that the coils representing the windings 
on the armature are at right angles to each other 
in the diagram. This is a very common way of 
illustrating two phase windings, the right angled 
arrangement of the coils being suggestive of the fact 
that the currents in them are 90 degrees apart. 

Sometimes the two phase machine is wound in the 
same way as previously described, but the middle 
points of both windings are connected together in a 
neutral point and a wire is brought therefrom. This 
forms the two phase five wire system which is useful 
in some cases. A winding connected in this way is 
called a star winding. The voltages obtaining be- 
tween these wires now require some explanation. 
If the voltage of each complete coil from the centre 
winding out to the free terminal is 100 as indicated 
on the diagram, the voltage between any two adja- 
cent free terminals, as it includes two coils of dif- 
ferent phase, will be 100 times the square root of 
2 or 141. The voltage between diagonally opposite 
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terminals on the diagram will be the sum of two 
voltages agreeing in phase, or 200, while the volt- 
age between any one terminal and the middle wire 
will be 100. Thus it will be seen that a plurality 
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of voltages can be obtained from the same machine, 
and moreover by selecting any two adjacent ter- 
minals, four equal voltages can be obtained which 
differ from each other by 90 degrees. See Fig. 3. 
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Sometimes the two phase generator is equipped 
with four coils each giving a voltage 90 degrees re- 
moved from that of its neighbor. The terminals of 
these coils might be laid put independently forming 
8 wires leading from the machine but it is more 
common to connect the coils together as shown in 
Fig. 4. Thi3 combination is called the mesh com- 
bination. It will be seen at once that connecting 
four coils together in this way will not cause the coils 
to exchange currents among themselves, for if we 
consider coil A to have an electro motive force 



FIG. 6. 

shown by the line O A in the diagram at the right 
of the figure, and add together vectorially the 
voltages of the three other coils, as shown in the 
lower diagram, we shall have as a resultant the 
electro motive force O C, for O B and O D neutral- 
ize each other in the combination of the three, there- 
fore the terminals to which O A is connected pre- 
sent an exactly equal and opposite force and con- 
sequently currents cannot be exchanged between 
e coils in the system. Therefore we may lead out 
wires from each corner or connecting point of 
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the four coils, and obtain a four wire two phase sys- 
tem which is interconnected, the voltages between 
any two adjacent wires will be, according to dia- 
gram, 100 volts, and equally spaced in phase 90 de- 
grees apart around the circle. The voltages between 
two opposite terminals combining as they do two 
100 volt circuits differing 90 degrees in phase, will 
of course be 141. The current in each of the coils 
of the machine is given as 100 amperes, but the cur- 
rent in each outgoing wire receiving the combined 
currents of two coils differing in phase 90 degrees 
apart will be 141 amperes by virtue of the previous 
considerations. This arrangement of connecting 
coils in a loop is called the mesh principle. It is 
largely used in polyphase work. 

In three phase work we might have a machine with 
three independent coils presenting these terminals 
to an outside circuit from each of which might be 
drawn a current differing 120 degrees from its 
neighbor. This however is almost never done, the 
windings being invariably connected on either star 
or mesh plan. Fig. 5 shows a three phase winding 
connected on the star plan. The coils are shown 
120 degrees apart, being suggestive of the phases 
that they generate, and three wires are led, one from 
each terminal and a fourth from the common junc- 
tion to the receiver circuit. Let us suppose that each 
coil is generating 100 amperes at 100 volts. The 
voltage between any two terminals will therefore 
comprise the voltage of two coils. It is customary 
in the three phase machine to connect like terminals 
of the coils to the common junction. This has the 
effect as is well known of reversing the relation of 
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the electro motive forces on the vector diagram and 
hence placing the combining voltages between two 
adjacent terminals 60 degrees apart. The voltage be- 
tween them in this case is 173. The current in each 
coil is of course the same as in the line to which it is 
connected. The voltage between any outer wire and 
the system and the common centre wire is of course 
the same as the voltage of the coil connected be- 
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tvveen these points, namely, 100. The vector dia- 
gram shown in Fig. 6 shows a valuable feature of 
this arrangement. The three voltages generated 
by the coil are shown by the heavy lines marked 
a b c, and between the neutral wire and the three 
terminals these three voltages can be obtained. 
The three voltages obtained between the three 
outer wires, 173 volts each, are shown by the 
lighter lines e f g, 30 degrees removed from the 
original voltages, the vector combination being 
shown by the triangle, in which it will be 
noted that one of the components is reversed 
on account of the connection employed in the 
-nachine. If the voltages obtained from a poly- 
se machine are reversed by means of trans- 
*rs, duplicate voltage 180° removed therefrom 
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will be obtained. If this is applied to the three 
phase machine, six different phases will thereby 
be produced. Combinations of this character are 
used in rotary converter work. This system of 
connecting three phase coils is sometimes called 
the Gamma or Y system, because of the fancied 
resemblance of the diagrams illustrating it to the 
Greek letter Gamma or the English capital Y. 

Another system which is largely employed in 
three phase work connects its three coils on the 
mesh plan. Fig. 7. A consideration of this arrange- 
ment by the aid of a vector diagram shows that be- 
tween two points on the system to which a coil i? 
connected there exists an equal and opposite electro 
motive force due to the other two coils, hence such 
a system will not exchange currents within itself. 
This system is sometimes called the Delta on account 
of the resemblance of the diagram to the Greek let- 
ter. From the corners of the Delta are led three 
wires to the receiver circuits. Between any of these 
three wires exists an electro motive force equal, and 
agreeing in phase with that of the coil connected 
between them. In the case of the diagram this elec- 
tro motive force is 100 volts. If the current in each 
coil is 100 amperes, the current in the line will be 
found to be 173 amperes because it is the combined 
current proceeding from two coils differing in phase 
from one another. Receiver circuits such as trans- 
formers, rotary converters, and the like are largely 
connected on the Delta plan, while generators more 
frequently resort to the Y combination although both 
arrangements are used. 

Sometimes a combination of the Y and mesh sys- 
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tern are employed, as shown in Fig. 8. This, how- 



173 A a Tf r. 




FIG. 8. 



ever, is a possible combination of academic interest 
and is not much used in practice. 



CHAPTER VII. 
Copper Calculations for Polyphase Circuits. 

Polyphase generators are used most largely be- 
cause of the fact that polyphase currents are more 
readily adapted to driving motors than single phase 
current. An additional inducement is due to the 
fact that copper economy is obtained by means of 
utilizing polyphase systems, and particularly is this 
true of the three phase system. A four wire two 
phase system obviously is equivalent to two single 
phase systems and effects no economy of copper in 
transmitting the power over the ordinary two wire 
plan, but in other combinations of polyphase cur- 
rents a copper economy appears. 

Let us consider a standard problem of lo kilo- 
watts to be transmitted and delivered net at the re- 
ceiver circuit with a watt loss of lo per ct . in the line. 
Let us further assume that the transmission voltage 
at the receiver end is to be lOO. Here arises a dif- 
ficulty which is a stumbling block for many students 
of this problem. Some polyphase systems, as we 
have already seen, present a plurality of voltages. 
Which of these voltages is to be considered as the 
transmission voltage? "If the transmission voltage 
is taken as that of the receiver circuit and if the poly- 
phase system consists of as many independent cir- 
cuits as phases, there is no saving of copper by the 
employment of polyphase currents, for each system 
could be considered as a group of so many single 
phase systems. 
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In some cases, the transmission voltage is con- 
sidered as that between which the load at the dis- 
tant end is connected. This process of reasoning 
will now be applied to the following systems. 

Case A. The single phase system. 

B. The two phase independent winding 
system. 

C. Two phase mesh system. 

D. Two phase five wire system. 

E. Three phase Y system. 

F. Three phase Delta system. 

G. Two phase three wire system. 

In case A the current generated in the coil of the 

dynamo must be loo amperes, the voltage generated 

must be i lo, and the resistance of each line must be 

Y^ = .05 ohm, as the total drop in the line is 

10 volts and the loss i kilowatt. 

BASIS^ TRANSMISSION VOLTAGE THE VOLTAGE 
AT WHICH THE POWER IS UTILIZED. 

100 Amperes 



tt 
n 



Resistance .05 Ohm 



I 

s 



Case A Copper 100 



On the two phase independent system for 

equal energy, see case B each of the independent 

"cuits at the receiver end must receive 50 amperes 

^^ volts or s kilowatts each. The loss in each 

' must not exceed }i oi sl kilowatt, and as 
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each is carrying 50 amperes, the vohage lost must be 
5 in each line, and the resistance of each line must 
therefore be .1 of an ohm. Hence we have twice as 
much wire as before of double the resistance and 
therefore the same amount of copper. 

The next case C, is that of the four wire two phase 
mesh system. Here we receive four currents of 25 
amperes each to make up the quota of 10 k. w. The 
current in each line wire is 25 V 2 and the energy 
lost in each wire is % k. w., hence the volts lost in 
each wire must be 

V= -^^^ ^° 



25VV V^2 

The resistance of each wire is therefore 

10 



xT. 



^ "" — -T= = = .2 ohm 
25^2 50 

double the resistance of the two phase independent 
circuit system and therefore using half the copper. 
It will be noted, however, that in this combination, 
there exists a voltage higher than that assumed to be 
the voltage of transmission, namely, the voltage be- 
tween opposite corners of the mesh. 

The two phase star system, which is the next prob- 
lem D, has five wires. If the loads are balanced it will 
be seen that application of the vector diagram to de- 
termine the current in the middle wire will show 
that for every current entering it there is an equal 
and opposite current leaving it. Hence this wire 
carries no current when the loads are balanced, and 
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is extra copper to be fixed by the amount of unbal- 
ancing to be expected, and in a balanced system need 
not be considered. The voltage around any one of 
the receiver coils is -^^ . The current therefore 
must be 2.5 k. w., divided by the volts 



Q _ 2500 



loo = 



5000 

100 



50 



I 

o 
> 



o 
> 



60 Amperes 



Resistance .1 Ohm 



fiO Amperes 



V\AA/AAA/| 



8. 



Case B Copper 100 



Hence the current and copper conditions are 
exactly the same as in the case B, plus whatever is 
invested in the central balance wire. 

The next case E, is that of the three phase Y sys- 
tem. Here we have three receiver coils. The volt- 
age around each receiver coil is — -z — . Each receiver 

circuit absorbs 3333-1/3 watts. Hence the current 
is 
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C - ^^^ - 33i^3 



loo 



x/3 



Each line wire absorbs 333-1/3 watts, 
line drop per wire is 

333i ^® 



Hence the 



%/ 



vA 



33i ^ 3 ^3 

and the resistance of each line wire is 



10 



%/: 



33* 



%/ 



10 



100 



=- .1 



Hence we have three lines each of .1 ohm. The con- 
ductivity of each line is therefore 10 and of all three 
30. With the single phase system the conductivity 
of each line is .^j^ ^= 20, and of both lines is 40. 
Hence the three phase system requires only 75 per 
cent, of the copper needed for a single phase system, 
other things being equal. 
With the mesh system F of Delta plan the same 
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copper economy obtains by a little different reason- 
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ing. Each receiver circuit gets 33-1/3 amperes at 100 

volts. The Hne current is therefore 33-1/3 V 3- 
The line loss per line is 333-1/3 watts. The volts 
lost per line is 

33i^3 "" ^r 

The resistance of each line is 

10 



^3 10 



- .1 



33i ^ 3 ^00 

as before and the same copper economy obtains. 
With the three phase four wire system the balance 
wire carries no current with balanced load as the 
vector diagram will show, and therefore simply 
represents an extra copper investment fixed accord- 
ing to the operator's judgment. 

A case somewhat more puzzling to compute is 
that of the two phase three wire system shown in 
G, Fig. I. In this case the receiver coils get their 
voltage of 100 as per the original assumption and 
throw their combined current into the middle com- 
mon return wire. There are two coils. Each absorb 
5 k. w. or 50 amperes at 100 volts. The current in 
the middle wire is 50 times the square root of 2 am- 
peres, the resultant of the two two phase currents. 
If the loss is divided equally between the three wires, 
each of the two wires absorbs one-third of a kilowatt, 
333-1/3. The volts lost in each of the two outside 
wires is therefore 

V 333^ 
50 



o 

> 



s 



30 

o 
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•9 



o 
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60 Amperes 



60 Amperes 
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Fig. I. (Continued). 
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and the resistance of each of the two outside wires 
is 

333i 

R = ^» -^- ?Mi _ .,333 ohms. 
C 50 2500 ^^^ 

There are two of these wires. The middle wire ab- 
sorbs one third of a kilowatt also but it carries 50 
times the square root of 2 amperes. The volts lost 
is therefore 



V - 



333i 
50^2 



the resistance of this wire is 

333i 
R = V ^ 5^ =3331^ ^,,, 

the conductivity of one of the outside wires is equal 
to 

K = -!- = 7.5 

.133 

and of both of the outside wires the conductivity is 
therefore equal to 15. The conductivity of the mid- 
dle wire is also 15, and therefore the conductivity 
of all three wires is 30. We have found in a pre- 
vious paragraph that the conductivity of the single 
phase line wires in this standard problem is 40. 
Therefore considering the problem in this form, 
the saving in copper due to a two phase three wire 
system is 25 per cent. 

There are, however, other methods of looking 
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at the problem of polyphase copper economy. 
Some engineers prefer to consider the voltage 
of transmission a«\ the highest voltage to be 
found in the system. They equate the difficulties 
of insulation against each other. This gives some- 
what different results in those cases that have been 
discussed where a higher voltage is to be found than 
that which has been assumed to be the voltage of 
transmission. In Fig. i, cases A, B D E and F fig- 
ure out the same as before because in none of these 
cases does there exist a voltage higher than that as- 
sumed to be the voltage of transmission. Cases C and 
G, however, show higher voltages than loo. Case 
C shows a voltage of 141 across the corners, and case 
G shows the same voltage across the extreme out- 
side wires. If we consider the copper economy, as- 
suming the voltage of transmission to be the highest 
voltage to be found between any wires on the sys- 

BASIS, HIGHEST VOLTAGE ASSUMED TO BE TRANSMIS- 
SION VOLTAGE 



SO Amperea 




Case C Copper 100 

Fig. 2. 
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tern, these cases must be recomputed. This is shown 
in Fig. 2, in which case the maximum voltages to be 
found on .the system are fixed at 100. Taking first 
case C, we have four receiver coils each of which 
has a voltage of ^E and each absorbs 2.5 kilo- 

watts. The current in each receiver coil is there- 
fore 

£SOO_ ^ 



25 ^ 2 
100 ^ 



The current in each line wire in this case will then 

equal 25 V 2 V 2 = 50 and the same conditions will 
occur as in case B, Fig. i, and no saving in copper 
will be found. 

Taking up case G, Fig. 2, the highest voltage to 
be found in the system has been fixed at 100. The 
voltage in each receiver coil is therefore ^ The 

current in each receiver coil is therefore 

_ 5000 ._ 

^ = ^ ^ 50V/2 
100 



This is also the current in the two outside line wires. 
The loss in each outside line wire is 333 1/3 watts. 
Consequently the volts drop in each outside line 
wire is 

333i 



V = 



50^2 



and the resistance of each line wire 

333^ _ 

R = "^ = 50^2 = i33i _ 0667 
C 50^2 5000 
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The middle wire now carries a current equal to 

50 ^J2 X V2 ^ 100. The loss in the middle line wire 
is one-third of a kilowatt, and consequently the volts 
lost in the middle wire is 

^ "" 100 ^ 3«33 
The resistance of the middle wire is therefore 

^ = I = iS = -°333 
The conductivity of one of the outside wires is 15. 
and of two of them is 30. The conductivity of the 
middle wire is also 30, making the conductivity of 
all three wires 60. Hence considering the problem 
in this way the copper economies are as 40 is to 60 
in favor of the single phase system, and the copper 
used is therefore 150. 

50V2Ampere8 



o 



100 Amperes 



S 



Si 



01 



60V2"Ampere8 



Case G Copper 150 

Fig. 2 (CONTINUED). 

Reviewing the case as a whole, we see that if we 
consider as is usual and fairest, the highest voltage 
to be found on the system as the voltage of trans- 
mission, that the only polyphase system that shows 
a copper economy is the three phase system, which 
shows a saving of 25 per cent. 
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That to select any voltage other than the high- 
est existing voltage as the voltage of transmission 
is manifestly unfair, in comparing the relative 
merits of systems, can be shown by applying the 
propositions to the case of direct currents. For 
instance, in the common three wire system, should 
the voltage of transmission be selected as the 
voltage between neutral and one side, it is then 
very easy to figure that the copper required is 
only one fourth that required for a two wire system 
plus whatever it is desired to expend in the neutral. 
No one, however, credits the three wire system 
with accomplishing this economy, but rather the 
fact that a double voltage is used. 



CHAPTER VIII. 
Copper Calculations — Continued. 

In polyphase work, where long distances of 
transmission are involved, the loss in the line 
in watts is the important factor, and calculations 
with reference to the copper to be used are carried 
out along the line laid down in the preceding 
chapter. The actual loss in voltage is a second- 
ary consideration, for machinery may be had 
which will operate successfully at the voltage 
which may obtain. The variations of voltage at 
the motor are not serious as compared with vari- 
ations of voltage at lamp termini. It is, however, 
important to calculate the line losses with refer- 
ence to the voltage, especially in local distribution 
where many lamps are used, and accordingly in 
this chapter the calculations of copper will be 
studied from this point of view. These calcula- 
tions will first be conducted, neglecting the induc- 
tive reaction of the line itself, which in short 
distribution systems, where the currents are light, 
is not important. 

In simple single phase systems the calculations 
are essentially the same as those of direct cur- 
rents. The current in the line is determined by 
* e nature of the load desired, and that divided 
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into the ohmic resistance of the h'ne gives the 
volts drop, or, if the volts drop is fixed and the 
current determinate, the resistance can be com- 
puted, and from that the dimensions of the line 
itself. In simple single phase systems it is per- 
missible to calculate the drop of each leg of the 
line separately and add them together to get the 
total drop, but this is not permissible in the case 
of polyphase systems. This is also permissible 
in the case of two phase independent circuit 
systems ; but in the case of comparing the drop 
between two wires, in which the currents differ in 
phase, the drops must be vectorially added with 
reference to the phase difference known to exist. 
Taking a practical example, let us suppose that 
we have a three phase circuit one thousand feet 
long, each leg of which is to carry ten amperes, 
and that we wish to limit the drop in this line to 
five volts between any two of the three wires ; that 
is to say, if we have 105 volts at the transmission 
end between any two wires, 100 volts is to appear 
at the receiver end between any of the two. If 
we should attack this problem in the same way 
that we would a single phase problem, and that 
general procedure would be to give each wire a 
drop of 2^ volts, the resistance of each leg of the 
line would be 

R = -^ = .25 ohms, 

10 ^ 

and the size of the wire would be No. 4 Brown & 
Sharp. We should find, however, on making 
measurements with the voltmeter on a line so 
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constructed, that the total drop, instead of being 
5 volts, would be 4.33 volts, or 2.5 multiplied by 
the square root of 3, for the simple addition of the 
two drops is not permissible. Therefore, in the 
three phase circuit, it is necessary so to proportion 
the drop on one line that when multiplied by the 
square root of 3 it will give the desired total drop. 
In other words, we must divide the total drop 5 
by 1.73 to get the volts loss in each leg of the 
line. This figure is 2.88, and the resistance of 
the line is therefore .288, and the size of wire, 
instead of being No. 4 Brown & Sharp, is nearer 
No. 5. 

In a two phase system connected on the mesh 
principle, the drop between adjacent corners of 
the system will be equal to the sum of the drops 
in the lines feeding those corners, because those 
currents are in phase with one another, but the 
drop between opposite corners of the mesh will 
not be equal to the simple sum but will be a lesser 
amount; in fact, it will be equal to the drop in 
one leg multiplied by the square root of two. 
Similarly, in the two phase star system, the drop 
between opposite corners will be equal to the 
sum of the drops in the individual legs supplying 
them; but the drop between adjacent corners will 
be equal to the drop in one leg multiplied by 
the square root of 2, because phase difference 
obtains in those two lines. In the case of a poly- 
ohase unbalanced system, where one line carried 
a lagging load and the other a leading load, the 

ohasQ diff^r^nce bctw^^n the c^rr^^t§ in th^ lin^ 
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must be determined, and the drops placed on a 
diagram in vectorial relation, according to the 
phase difference so found, and vectorially added 
either graphically or by trigonometric calculation. 

In the case of a two phase three wire system 
the same procedure must be followed; but, by 
reason of the fact that the currents flowing in the 
central leg are larger than the currents flowing in 
the two outer legs, it is not sufficient to multiply 
by the square root of 2 ; and there is, further, an 
additional consideration due to the fact that the 
current in the central leg is not 90° displaced 
from the current in the outside legs, but is 45^ 
displaced therefrom. The treatment in this case 
will be best illustrated by a practical problem. 

Let us take a case where 10 kilowatts is to be 
transmitted, and that the voltage of the two phase 
termini at the generator end of the line is 1 10 
volts, and that the voltage at the receiver end of 
the line shall be 100. The vector diagram will 
show two equal lines at right angles to each other, 
which represent the currents in the outside legs. 
In the common return leg the current will be 
represented by the diagonal of the square so 
formed, and will bear to the outside legs the 
relation of 1.41, as shown in Fig. i. If the wires 
are all three of the same size, the drops will be 
proportional to the currents they carry, and will 
occupy the same vectorial relation. Combining 
them as shown by the lighter lines, the condition 
is that the two resultants must each be equal to 
19, In ord^r th^t the conditions of the problem 
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shall be fulfilled, and knowing these longer lines 
to be lO, we must calculate backward by trigono- 




FIG. I. VECTOR DIAGRAM OF TWO PHASE 
THREE WIRE SYSTEM ILLUSTRATING DROPS. 

metrical means to find out what the drop in each 
individu;\l line will be. An examination of the 
geometry of the diagram will show that the result- 
ant drop ID is equal to the square root of the sum 
of the squares of the drop in one outside leg, and 
the double of that amount. The dotted portion 
of the diagram, which forms a right-angle triangle 
with reference to one of the resultant lines, will 
assist in showing that this is true. That is to 
say, 

io= \/x2 -j- 4x2 
= xVs", 



whence 



lO 

= 4-472, 



and multiplying by the square root of two we get 
the drop in the centre line or common return 
6.323. 
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As the centre wire in a two phase three wire 
system carries nearly ^0% more current than the 
two outside lines, it is not common to make this 
wire of the same size as the three outgoing wires, 
but more common to make it of such a size that 
the ohmic drop around its terminals shall be the 
same as that in the two outside legs, that is to 
say, the current density in all three wires shall 
be the same. In such cases the diagram repre- 
senting the situation would be constructed a 
little differently; and as it is illustrative of the 
method of handling the problem, no matter what 
the size of wire is concerned, it will be discussed 
here. This diagram is shown in Fig. 2, and the 




FIG. 2. VECTOR DIAGRAM OF A TWO PHASE 
THREE WIRE SYSTEM IN WHICH ALL THREE 
WIRES HAVE THE SAME CURRENT DENSITY. 



three heavy lines, equal in length and 45° apart, 
represent the three drops. The resultant drop 
between the terminals of the middle and outside 
leg is equal to the line CO, and this is equal to 
the square root of the sum of the square of CD 
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and DO. It will be seen at once that DO is not 
equal to the double of one of the drops and CD is 
not equal to the single value. CD is equal to one 
of the drops multiplied by the sine of 45°, and 
OD is equal to one of the drops plus one of the 
drops multiplied by the cosine of 45°. Repre- 
senting the drops themselves by D, we have 
resultant CO equals 



1/ D \^ 

CO= ■' ^ 



^(v^y+l^ + x^)'- 



Performing the mathematical work indicated, 
we have resultant 

CO = D X 1.847; 

whence it follows, if the resultant is to be 10 
between the centre lines and the two outside 
lines, the drop in each individual line should be 
5.414. 

In some cases it is necessary to take account 
of the inductive drop in an alternating current 
line, and the amount of this drop depends upon 
the distance the wires are apart, the frequency, 
and the size of the wire itself. The formulae and 
their application are a little complicated, and re- 
course may be conveniently had to the curves. 
Figs. 3 and 4. These curves represent on their 
horizontal axes the distance between the wires in 
inches. The vertical axes represent the impedance 
per foot, that is to say, the obstructive ?iction that; 
th^ Un^ offers to th^ current flowing. 
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Let it be supposed that we have calculated by 
the foregoing rules the ohmic impedance of the 
line, and, dividing by the length of the line, we 
have thereby calculated the ohmic impedance per 
foot. If we ^re to neglect inductive reaction of 
the line, we at once turn to the wire table and 
select a wire having that resistance per foot. If 
it is desired to take the inductance of the Hne into 
consideration, the ohms per foot as calculated by 
the foregoing formulae should be doubled, thereby 
making the result the ohms per loop foot, and 
that figure should be selected on the vertical scale 
of the diagram, selecting a diagram of the proper 
frequency. On the horizontal line should be 
selected the interaxial distance in inches on the 
wires, and the point corresponding to this ordinate 
and abscissa will lie amongst the curves, and the 
curve nearest to that point is the size of wire 
required. If inductance is neglected, the straight 
line nearest that point is the size of wire required. 
An examination of the two diagrams will show a 
number of things with reference to line induc- 
tances. First, if the distance between wires is 
very small, line inductance is inconsiderable. If 
the axes of the wires are coincident, as in the case of 
the concentric cable, it practically disappears, that 
is to say, the curve and the corresponding straight 
line are coincident. Second, it shows that, if the 
size of the wire is small, there is little to choose 
between the curve and the straight line, the 
difference not being even one gauge of wire, 
Brown & Sharp. Lastly, if the frequency is 
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low, the inductance becomes inconsiderable, and, 
below 7,200 alternations per minute in wires not 
larger than 0000 Brown & Sharp, it can be neg- 
lected. The diagrams further show that, on a 
frequency of 7,200 alternations per minute up to 
No. 4 Brown & Sharp, it is unnecessary to make 
allowance for induction, as the true size of wire is 
less than one gauge away from the size of wire 
computed by the plain ohmic law, and, with 15,000 
alternations per minute, any wire smaller than 
No. 8 has a negligible inductance factor. The 
foregoing curves and discussions take no account 
of inductance phenomena due to neighboring 
polypha. " wires, and, in cases where this becomes 
important, the line is usually of such magnitude 
and involves an investment of money sufficiently 
large to justify extended special calculations, 
which are beyond the scope of this work. 



CHAPTER IX. 

Alternating Current Measurements. 

The student appreciates that the alternating cur- 
rent is not a steady current but rises to a maximum, 
dies away to zero, rises to a maximum in reverse 
direction, and repeats, and as the same is true of 
alternating voltages and alternating current power, 
it is evident that the alternating current amme- 
ters and voltmeters and other instruments with their 
steady deflections, do not follow the current in all 
of its varying values, and its thousands of ^^ cles per 
minute, but indicate some representative average 
value. This average value is known as the virtual 
or effective value, and volts and amperes measured 
by alternating current instruments are called vir- 
tual volts or virtual amperes. This value bears a pe- 
culiar relation to the many individual values which 
it represents, and is based on the equation 

Energy = C^R 
which is well known in direct currents, and is also 
true of alternating currents flowing in simple cir- 
cuits, the energy represented being that dissipated 
as heat in the circuit. In considering this equation 
for alternating current, R is measured in the same 
way as in direct current measurement, and as the 
energy is measured in watts, C must then be a value 
such that if squared and multiplied by R, it will give 
the energy dissipated in electrical watts. If the 
energy represented in the above equation is to be the 
average power, it is evident that C^ is the average of 
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the squares of all the various values that the current 
obtains during a cycle of changes, and C alone or 
the current indicated by the alternating current am- 
meter, is therefore the square root of the average of 
the squares of the various individual values. By a 
similar voltage relation can be shown from 

Knergy = ^, 

a well known direct current equation. If 
the energy is to be the average power, E* must be 
the average of all the squares that obtain during the 
cycle, and E must be the square root of the means of 
the squares. Hence the virtual voltage or virtual 
amperes indicated by the alternating current instru- 
ment is the square root of the mean square value. 

An alternating current instrument must of course 
be able to give a deflection in one given direction 
no matter which way the current flows through the 
instrument. It is therefore usually built on one of 
two principles. The first of these principles is called 
the dynamometer principle. In this arrangement 
two coils are provided, one within the other. One 
coil is made movable on a pivot, and the current 
carried to it by suitable flexible connections. The 
other coil is stationary. For the voltmeter and am- 
meter these coils are connected in series with one 
another. A voltmeter arranged on this principle is 
shown in Fig. i. If a direct current be sent through 
such an instrument, it is plain that the current carry- 
ing coils will repel one another and give a deflection in 
•I ccM'tain direction. If the current is reversed 
''^^ rough the coils, the deflection will be the same 
••ount and direction because the current is re- 
both coils. If the current is rapidly and al- 
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ternately reversed, as is the case with alternating 
currents, there will still be a deflection, and it can 
oe shown that this deflection will be equal to the 
square root of the mean square value of the cur- 
rent flowing through the instrument. In voltmeters 
the structure is so arranged that their circuits are 
practically non-inductive, and therefore the deflec- 
tion is proportional to the voltage of the terminals 
of the instruments and can therefore be calibrated 
in volts. Fig. 2 shows an instrument of this type 
with its enclosing case. It is built so that the coils 
are peculiarly inclined with reference to each other, 
which has certain advantages of construction. If the 
instrument is to read in amperes, it is difficult to pro- 
vide a moving coil which will carry the current be- 
cause the connections leading into the same are so 
heavy that it is practically impossible to give them 
flexibility sufficient to render the instrument delicate 
unless mercury contacts are used. For this purpose 
recourse is had to the magnetic vane type of instru- 
ment in which the moving part consists of a piece 
of soft iron which sets itself in the field where the 
magnetic intensity is the greatest. This tendency is 
balanced off? by either gravity or a spring. It is evi- 
dent that such a magnetic vane would set itself in the 
field of greatest intensity whether the field were 
alternating or direct, and consequently such an in- 
strument can be used for measuring alternating 
currents, and can be calibrated so as to indicate 
square root of mean square values. The dynamom- 
eter instrument will operate equally well on direct 
currents, but the magnetic vane instrument cali- 
brated for alternating currents is not so satisfactory 
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on direct currents as a general rule. Such an instru- 
ment is shown in Fig. 3. Fig. 4 shows an instru- 
ment of the portable type adapted to measure am- 
peres and constructed On the magnetic vane princi- 
ple. In Fig. 5 is shown an instrument of the dyna- 
mometer principle which is adapted to measure cur- 
rents. It is not a portable instrument for the reason 
that the moving coil has to be equipped with mercury 
contacts in order to enable it to receive its current 
and still be free to turn. In this instrument the coil 
is allowed to deflect only a limited amount, and is 
brought back to zero by twisting a balancing spring, 
the current being a function of the amount of twist 
that it is found necessary to give the spring to bring 
the coil back to its zero position. This is the true 
dynamometer principle, and instruments in which the 
moving coil is allowed to move and its deflection 
measured, are not as satisfactory under some circum- 
stances. 

In designing alternating current machinery, an 
eflfort is made to have the voltage generated thereby 
rise and fall in a certain series of smooth relations. 
These relations if plotted out with respect to time in 
the form of a curve, form what is known as the 
curve of sines. It can be shown that when an elec- 
tro motive force is following the sine law, and rising 
from 100 positive to 100 volts negative alternating, 
the square root of the mean square value will be 
70.7 volts. The circuit must be insulated so that it 
will bear a pressure of 100 volts because that is the 
maximum voltage that occurs on the line, and the 
one which is likely to break down the insulation. 
The maximum value of an alternating current volt- 
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age can therefore be obtained by dividing the vir- 
tual or effective value indicated by a voltmeter by 
.707. 





Fia 1. DYNAMOMETER VOLTMETER. 



Alternating current power cannot as a rule be 
measured properly by simply taking the product of 
voltmeter and ammeter readings as is the case with 
direct currents. This product gives what is called 
the voitamperes and is a convenient figure in rating 
machinery, but it does not give true power and will 
not do so until multiplied by what is known as the 
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power factor, which is equal to the trigonometrical 
cosine of the angle of lag between the current and the 
voltage as plotted on a vector diagram. The power 



FIG. 2. INCLINED COIL DYNAMOMETER VOLTMETER. 



factor is very rarely unity, even in cases of loads 
supposed to be non-inductive. Therefore to 
measure power >ther means must be em- 
ployed. 

The most convenient of these is the use of the 
wattmeter, which will indicate power directly in 
true watts. The principle of the wattmeter is well 
illustrated in Fig. 5, when the moving coil is a poten- 
tial coil of fine wire. It will be seen that the 
mechanism consists of two coils, one within the other. 
The stationary coil is connected in series with the 
line, and the movable coil is connected across the 
line, as shown in Fig. 6, which shows the connection 



ALTERNATING CURRENT MEASUREMENT. 105 

of a more portable type of instrument. The coils exert 
magnetic influence one upon the other and act to pro- 
duce a deflecting force. The magnetic influence of 
the fine wire coil is directly in phase or step with the 
volts. The magnetic influence of the coarse wire coil 
is directly in phase with the amperes, and if these in- 
fluences do not occur simultaneously, the instrument 
gives a lesser reading, the action of one upon the 
other thus taking account of the difference in phase 
relation, and making the resultant deflecting force 
proportional to the true mean power. The best form 
of wattmeter is that in which the coils are kept in the 
same relation to each other at all times, and the ten- 
dency of the moving coil to turn is balanced off by 
an adjustable spring, the torque necessary to do this 
being measured by an index on a scale. Fig. 5 il- 
lustrates this principle, the instrument shown is 
adapted, to measure current, but its mechanical prin- 
ciple is the same. The needle in the top of the 
instrument is connected with the moving coil, and 
when power is applied it deflects smartly to the left. 
The balancing spring is provided with an index 
showing the exact distance it is twisted, and by turn- 
ing a knob in the top of the instrument, a certain 
point will be found where the needle is restored to 
its original position of balance. The amount of twist 
in the spring is then read off, and properly cali- 
brated, is equal to the true watts flowing through 
the instrument. 

This form of instrument is not always conven- 
ient when the power is fluctuating, as it is difficult 
to follow such fluctuations with the torsion screw. 
Some instrurnents like that shown in Fig. 7 grad- 



io6 ALTERNATISG CURRENTS EXPLAINED. 

uate the indicator needle which then gives indica- 
tions which can be added to or taken from the torsion 
head reading as the case may be. Where this does 
not suffice to follow the fluctuations, recourse must 
be had to an instrument which allows the moving 




FIG. 3. MAGNETIC VANE AMPERE UETEK. 



coil to deflect and measure with an index on a 
^cale. This form of instrument is not quite as sat- 
isfactory on inductive load, but it is indispensable in 
many cases. Fig. 8 shows a deflecting wattmeter. 
It is possible, however, to measure power without 
a wattmeter in numerous ways. It may be remem- 
bered profitably that any simple alternating current 
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circuit subjected to a known potential consumes the 

same amount of power whenever it is subjected to 

that potential and frequency. Thus if it were desir- 

r able to test different types of transformers under 




FIG. 4. MAGNETIC VASE AMMETER. 

identical loads, and only one wattmeter were avail- 
able, so that the incoming watts could not be com- 
pared with the outgoing watts simultaneously with 
two instruments^ the following plan could be adop- 
ted. Upon the load could be impressed a certain 
predetermined and measured voltage, and the watts 
measured directly with the wattmeter. Let us say 
that this indicated a load of 1,000 true watts. The 
transformer could then be connected in circuit and 
the wattmeter applied on the primary side, it being 
simply necessary to raise the secondary voltage to 
the same point that it was before. It would then be 
known that the secondary output was 1,000 watts 
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and the primary input could be measured by the 
wattmeter. 

In simple circuits where there is no transfer of 
energy magnetically such as in the case with coil of 
wire containing no iron, the power consumed is 
always equal to C^R. Thus, in such a case, 
where there is available an alternating current 
ammeter of known accuracy, and an ohm- 
meter, the resistance could be measured and the cur- 
rent and the power computed therefrom. 

The power factor could also be readily found un- 
der such circumstances in the following way: the 
law of alternating circuits is as follows : 

E 
C = — 
I 

where I is the quantity known as the impedance of 
the circuit and is the combined retarding effect of 
resistance, inductance and capacity. It has also been 
mentioned that the true power is displayed by the 
following equation: 

W = E CF 

where F is equal to the power factor. Now since 
in simple circuits W is also equal to OR, we may 
place these two quantities equal to each other and 
thus obtain the equation 

C^R = E C F 

CR 
whence F = 

E 

Thus with an ammeter and voltmeter, and an ohm- 
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meter, the power factor of a simple circuit can be 
obtained and a wattmeter will not be necessary, for 
all the quantities on the right hand side of the equa- 
tion can be measured by the available instrument in- 
dications. It will be seen also that 



E 
C" 
Now E over C is equal to the impedance or apparent 




PRINCIPLE OF ELECTRO-DYNAMOMETER i 
CURRENT MEASUREMENT. 



resistance, and so we may say in simple circuits the 
power factor is always equal to the resistance di.- 
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vided by the impedance. The impedance can be meas- 
ured in ohms with an ammeter and voltmeter. To 
take a practical example, let us suppose that we have 
a coil operating i,ioo volts and containing no iron. 
It is therefore a simple alternating circuit in which 
there is no magnetic transfer of energy. Let us sup- 
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FIG. 6. WATT-METER CONNECTIONS. 



pose that the resistance is equal to lo ohms and that 

a measurement of the current gives a reading of i 

ampere. 

The apparent energy or volt amperes is therefore 

E = V C = I loo X I = I loo watts. 
The true energy, however, is equal to 

O R = I X I X ID = lo watts 
^nd the power factor, that is the factor by which 
•apparent power must be multiplied to give the 
'^r is equal to 



^V and the current is therefore 
■ Tun 

^R we '&i< 
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Turning to a table of natural sines and cosines, 
we 'find that .009 is equal to the cosine of 89 de- 




^le of lag is very 



FIG. 7. WATT METliK 



grees 29 minutes, therefore the a 
nearly 90. 

A convenient rough and ready wattmeter is a bank 
of 16 c. p. incandescent lamps. At full voltage each 
lamp takes very nearly 50 watts. This of course 
is an absorption watt meter, that is to say it not 
only measures the power but absorbs it also and can 
only be used in some cases. Thus if it is desired to 



r 
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load a machine with 500 true watts, it would be 
necessary only to connect in circuit ten 16 c. p. in- 
candescent lamps and bring ihtm up to their true 
rated voltage. If the bank of lamps be calibrated 
by a wattmeter they are still more accurate, for then 
the actual power that they absorb is accurately 
known. If such a bank of lamps be employed, it is 




FIG. 8. DEFLECTING 



better to operate them at 5 volts lower than their 
rating, measuring the power that they take at that 
voltage. The reason for this obtains in the fact that 
if they are run 5 volts under pressure, their life and 
permanence will be very much increased. 

A ccBivenient test which will be of £;;reat assistance 
miliarizing the student with alternating; current 
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instruments is a transformer te^t. Let us sup- 
pose that we now have the problem of testing a 
10 k. w. transformer operating at a nominal primary 
voltage of 1,000 volts and a secondary voltage of 100. 
Let it be required to find the efficiency of the trans- 
former and to evaluate and tabulate its various 
losses. The secondary current is to be 100 am- 
peres: the secondary volts 100. The primary volts 
will be about 1,000 and the primary amperes a little 
over 10. The ratio of turns or the ratio of re- 
duction is ten. This enables us to select the best in- 
struments for the work. If we are to make a thor- 
oughly complete test, measuring everything with ac- 
curacy, we shall need for the primary measurements 
a voltmeter which will measure in excess of 1,000 
volts. If this be a voltmeter equipped with a multi- 
plier of 10, it can be used without the multiplier 
for measurements on the secondary side. Our pri- 
mary amperemeter should have a range of about 15 
amperes so that the 10 ampere reading will give a 
large scale deflection. If we had a large ammeter for 
the purpose of this reading, it is probable that our 10 
ampere measurement would be a small scale deflec- 
tion which would be practically unreadable, as al- 
ternating current instruments usually have very in- 
ferior graduations on their small readings. Our 
primary*wattmeter should be selected with a maxi- 
mum ampere capacity of about 15, and a voltage 
capacity exceeding 1,000. If this wattmeter also 
attains its higher voltage limit by means of a multi- 
plier of 10, it will be found convenient, as we shall 
see farther on, in making secondary measurements. 
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The secondary instruments will be the following: 
An alternating current ammeter measuring 150 am- 
peres; an alternating wattmeter with a maximum 
current capacity of about 150 amperes, and a voltage 
capacity of about 150 volts. We will probably be 
able to use the primary voltmeter without its multi- 
plier for secondary voltage measurements. Lastly 
we should have a direct reading ohmmeter to enable 
us to measure the resistance of both primary and 
secondary coils, and a bank of incandescent lamps 
to give the transformer a load. 

The first thing to do is to measure the resistance 
of the primary and secondary coils by the aid of the 
ohmmeter. Let us suppose that the results obtain 
as follows : 

Primary resistance, i ohm. 

Secondary resistance, .01 of an ohm. 

From this we can at once compute the heat waste 
in the copper of the transformer coils by the simple 
C^R formula. This will be as follows : 

Primary watts lost in heating at full load, about 

10^ X I = 100 

for we know that the primary current will slightly 
exceed 10 for magnetizing purposes. 

Secondary watts lost in heating at full load 

100^ X .01 = 100 

exactly, for the secondary current we will fix at 
100. 

The next thing to determine are the losses con- 
sumed in magnetizing the iron. For that purpose we 
will connect the secondary of the transformer to a 
source of supply at loi volts, and will insert the 
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primary wattmeter without its multiplier. We use 
10 1 volts because at full load, the secondary must 
generate this extra volt to provide for the C K drop 
in its coil. The current will be so small that the 
primary wattmeter will be able to carry it without 
difficulty. We must also have the voltmeter connected 
to the secondary circuit, because we must be sure that 
the secondary is excited at loi volts, and must adjust 
our source of supply until this is a fact. The watt- 
meter may then be read, and we will suppose that its 
reading is 80. We should also have the primary 
ampere meter in series with the secondary circuit in 
this case to enable us to record the current used in 
this test. We select the primary amperemeter be- 
cause in this case the current is small and will be 
very accurately read by this instrument. Let us 
suppose that the primary amperemeter so connected 
needs 3 amperes. We then have the following read- 
ing from our three instruments : 

True watts 80 

Volts loi 

Amperes 3 

From this we can compute the following results : 

Apparent watts, 303. 

Watts lost in heating the coil 

3^ X .01 = .09. 

We see from the foregoing that the circuit thus 
arranged has a power factor .264, the ratio of the 
true to the apparent watts, and we also see that all 
the losses are not consumed in C^R, but that a very 
large percentage of them arc consumed in some 
other way. This is plain because we have only .09 
C*R watts, and our wattmeter plainly shows that 
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the circuit is absorbing 80 true watts. The remain- 
ing 79.01 watts are therefore consumed in magne- 
tizing the iron and would appear as heat in the iron 
core due to molecular friction of the iron particles 
during the various cycles of magnetism. The mag- 
netizing current of 3 amperes would of course be 
only .3 ampere if the primary coil were doing the 
magnetizing, but it would be difficult to read so 
small a current, and hence it is much better deter- 
mined by doing the magnetizing with the secondary 
and applying the transformer ratio. 

From our previous discussions on transformers 
it will be remembered that in such a transformer as 
this the magnetism remains practically the same at 
full load and at no load, and is due to the differ- 
ence of ampere turns between primary and secon- 
dary which is always a practically constant quanti- 
ty. We may therefore write down the following 
losses of which we are absolutely sure when the sec- 
ondary is delivering 100 amperes at 100 volts. 

Secondary C^R losses, 100. 

Iron loss, 70.01. 

We know then at full load the primary must sup- 
ply the following: 

Secondary output, 10,000 watts. 

Secondary C^R losses, 100 watts. 

Iron losses, 79.01. 

Primary C^R, yet to be found. 

The primary C^R loss in this column has been left 
blank because it is plain that the primary coil must 
take more power than is represented by 100 am- 
peres at 100 volts, in order to make up for the vari- 
ous losses in the apparatus. The most direct way 
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of measuring the primary OR losses is now to con- 
nect up the transformer to its lamp load on the sec- 
ondary side, and to a source of electro motive force 
on the primary side, ^nd to raise the value of this 
electro motive force until the secondary is delivering 
10,000 watts at 100 volts. The primary watts could 
then be read off by a wattmeter connected in the 
primary circuit, and might be found to be 10280.68 ; 
the primary OR loss would then be 101.67, the dif- 
ference between this and the other known amounts 
of power consumed. The primary current can 
of course be found readily by reading the instru- 
ment, and it will be found to read very closely to 
10.08 amperes, the same value as would be obtained 
by solving the equation 

OR = 101.67. 

The primary volts, however, will be found to read 
about 1020. The distribution of energy in the sys- 
tem is therefore as follows: 

Primary voltamperes, 10281.60. 

Primary amperes, 10.08. 

Primary volts, 1020. 

Primary power factor, .99991. 

Primary true watts, 10280.68. 

Secondary volts, 100. 

Secondary amperes, 100. 

Secondary voltamperes, 10,000. 

Secondary watts, 10,000. 

OR losses in primary, 101.67 watts. 

C^R losses in secondary, 100 watts. 

Iron losses, 79.01 watts. 

Total losses, 280.68 watts. 

Efficiency, 97.26 per cent. 
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It will be observed that the secondary circuit has 
no power factor as the true watts are exactly equal 
to apparent watts. The primary circuit has, 
however, a power factor because the .3 of an am- 
pere which is required for magnetizing purposes 
is nearly wattless, and combines with the work- 
ing current making a resultant with a slight lag. 
The primary power factor is very nearly unity. 

The discussion of this test approximates in some 
cases and neglects in others some rather complex 
reactions which take place in the transformer and 
which the reader has not yet been prepared to con- 
sider, and only discusses the measurements with a 
view to showing how to use the instruments. 



CHAPTER X. 

The Induction Motor. 

The direct current engineer is painfully familiar 
with the fact that a short circuited coil in a dynamo 
armature is the seat of very heavy currents when 
the machine is operating. He is also well aware that 
such a short-circuited coil causes a heavy back drag 
on the machine. That is to say the machine is harder 
to turn. It is plain therefore that if a direct current 
armature were short circuited completely by a con- 
tinuous band of copper about the commutator, and 
revolved in an excited field, the back drag would be 
very powerful. 

If the armature were held stationary and the field 
revolved, the same resistance to turning would be 
encountered for action and reaction are equal and 
opposite. 

If in the foregoing combination the armature were 
released, it would revolve after the field and would 
lag behind it only enough to generate the currents 
necessary for its propulsion. It is clear that it could 
not revolve at the same speed as the field for the 
relation of the parts would then be exactly the same 
as if the machine were entirely at rest and even 
though the field were excited there would be no 
armature current generated and hence there would 
be no torque or turning effort. Therefore the arma- 
ture will run at a little below the speed of the field. 
If the armature is given work to do this slip or speed 
diflference will be still greater. It is plain that when 
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the slip is great the armature currents will also 
be large, and they will react heavily on the field 
magnet and destroy its magnetism. First, a 
heavily loaded dynamo field is weakened by just 
this reaction and requires a series coil to strengthen 
it. Second, the armature currents are alternating 
currents dependent in frequency upon the slip, 
and if they are large they become shifted in phase, 
thereby causing the conductors to be in a non- 
torque producing position at the moment they are 
carrying heavy current. When the slip increases 
a point may be reached where the armature cur- 
rents are so large and so displaced in phase that 
they react on the field and reduce the torque. It 
is possible that, in spite of the enormous armature 
current, the torque may be reduced, due to 
reaction and phase shifting to less than when 
the armature current was weaker. If, therefore, 
we gradually increase the mechanical load on 
the aniature arranged as has been described, it 
would at first carry the same, increasing its torque 
for the purpose and reducing its speed, until a 
critical point was reached, where further slip 
would result in reduced instead of increased 
torque. This would produce a still greater slip, 
and the process would be cumulative, that is to 
say, the armature would quickly come to rest and 
there remain, generating enormous currents of 
displaced phase and small torque-producing power, 
so that insufficient torque is produced to move 
the load. 

The curve a, Figure i, shows how the torque 
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varies with the slip in such a case. With zero 
slip the torque is zero also. As the slip in- 
creases the torque increases till a critical point is 
reached where the torque begins to decrease as the 
slip increases. When the speed of the armature is 
zero and the slip is a maximum, that is, equal to 
the speed of the field, the torque compares very un- 
favorably with the maximum torque of the machine. 

If we should insert resistance in the armature 
circuit when things were in the condition just 
rehearsed, the armature currents would be re- 
duced thereby and their reaction on the field due 
to magnitude and poor torque due to phase shift- 
ing, would be also reduced and the torque would 
increase and enable the machine to start a load 
that had stalled it heretofore. With the machine 
under way, the resistance would be a disadvantage, 
and therefore, after a certain point is reached, it 
will be best to cut the resistance out of the arm- 
ature circuit, thereby sustaining the weakening 
current and torque. 

If we should keep the revolving field frame of this 
peculiar machine stationary, and by some means 
cause the magnetism to shift from pole to pole in 
a series of regular gradations, it is plain that all of 
the foregoing effects would be produced This 
shifting action of the magnetism may be accom- 
plished by means of polyphase alternating currents, 
and when this is done the machine becomes the in- 
duction motor, which has all of the electrical and 
mechanical characteristics which have just been 
rehearsed. 

It is now necessary to investigate how this effect 
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of the revolving field is accomplished in order to 
complete our understanding of the general principle 
of the machine. 

In order to investigate how this revolving field is 
generated, let us suppose we have an iron ring 
equipped on its inner surface with conductors as 
shown in Fig. 2. Let us divide these conductors into 
eight bands of five each, which is also indicated in the 




figure. Let these sets of bands indicated by A and 
B be supplied with current from the two phases of a 
>wo-phase dynamo. It follows at once that the cur- 
rent in bands A will be a maximum when the cur- 
rent in bands B is a minimum, and vice versa, and 
that while the shift from maximum to minimum 
is being made, intermediate conditions will prevail. 
Let the crosses in the centres of the wires repre- 
sent the retreating tip of an arrow flying in the di- 
rection of the current^ while the dots depict the ap- 
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preaching point. In Fig. 2, tlierefore, the current 
in conductors B is zero, while in conductors A the 
current is at a maximum, for the conductors B be- 
ing devoid of marks show zero current. Lines of 




force will therefore circulate in the direction of the 
dotted arrows and we will have four distinct poles 
each surrounded by magnetizing current, passing 
away from the observer at wires A' and approaching 
the observer at wires A'. At this condition, there- 
fore, of maximum value of current in A, there will 
be established four poles marked N and S around 
the structure, and these poles will flux the iron arma- 
ture depicted by the central circle. This condition 
however, only obtains for an instant, and as the 



124 ALTERNATING CURRENTS EXPLAINED. 

current begins to die away in coil A, it begins to rise 
in coils B. 

Let us next consider the case where A is 
diminished and B is increased, until the currents in 
the coils surrounding the armature are of equal 
value, but are only one-half the maximum strength 
that they obtain throughout a cycle. Fig. 3 will 




FIG. 3. 



then depict the condition of affairs. Remembering 
that every conductor carrying a current away from 
an observer, must have a corresponding current 
carrying an equal amount of current towards the 
observer by the nature of the winding, it will be seen 
that the coils by this arrangement have split up 

mtQ four bands of ten conductors f ^ch, h^^lf carrying 
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the current from the observer and the other half 
bringing it back again. The result will be that mag- 
netic flux will flow as per dotted lines, and the 
points N and S will present to the armature four 
poles of practically the same strength as before, for 
while the currents surroundi::g them are only half 




as strong as they were before, there are twice as 
many of them, and the ampere turns remain the 
same. It will be further noticed that these poles 
have shifted one-sixteenth of a revolution in a clock- 
wise direction. 

Considering now Fig. 4, the current in coils B 
is a maximum and that in coil A has died away to 
zero. Lines of force will flow as indicated by the 
dotted lines, and the poles still of the same strength 
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as they were before will be shifted another six- 
teenth of a revolution counting clockwise, and it 
is easy to sec that as the cycles repeat themselves 
this operation will be repeated again, the poles still 
continuing to shift in sixteenths in a clockwise di- 
rection. 

In investigating this phenomenon we have as- 
sumed convenient values of current, namely their 
maximum and half maximum values, but if we were 
to assume any value of the current from zero to 
maximum and compute by means of the known rela- 
tion between the two phase currents the value of the 
current in the other phase and apply these values 
to the coils shown in the figue, we should find in 
every case that the magnetic poles developed 
would be surrounded by practically the same num- 
ber of ampere turns, and be therefore of practically 
the same strength, and that the only effect of the 
varying currents would be to shift the polar position, 
which would be done by gradual progression in- 
ead of in iumps of sixteenths. Therefore this 
xangement is equivalent to exciting the poles with 
direct current and revolving the whole machine. 
Such a structure properly designed usually forms 
stationary part of the modern induction motor, 
d is called the stator. The cylindrical armature 
•juipped with wires parallel to its shaft and short 
drciiited upon each other at their ends is dragged 
around after the revolving field, by reason of the 
principle outlined in the opening paragraphs of this 
chapter, and is called the rotor. It is plain that the 
rotor cannot revolve as fast as the field, for if it did 
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so it would keep up with the lines of force and no 
wires in the rotor would be cut by lines of force, 
hence there would be no currents generated in the 
same and therefore there would be no torque. As 
a matter of fact if we should drive the rotor me- 
chanically up to synchronous speed as it is called, 
we should find that the only power necessary for this 
purpose is that sufficient to overcome the friction of 
the bearings. 

The difference in speed between the revolving 
field and the actual number of revolutions of the 
rotor is called the slip. Thus if the field was re- 
volving at 1,000 revolutions per minute and the 
rotor was only turning 900, the slip would be 100 
revolutions. Sometimes this slip is expressed in 
percentage of the speed of the field. In the above 
case it would be 

1,000 — 900 

S= :=.! or 10 per cent. 

1,000 ^ 

This is called by some writers the slippage. It is 
sufficient for the student of this article to realize that 
there is a difference in speed between the two quan- 
tities, that it can be evaluated, and that it is import- 
ant. 

It has been stated, and must be evident, that if 
there is no slip there will be no currents in the rotor 
and no torque, and that if there is slip, that slip will 
represent the speed at which the conductors in the 
rotor cut lines of force, and will therefore be pro- 
portional to the rotor currents and also to the torque 
if certain other considerations are for the present 
neglected; in fact the electrical effect on the rotor 
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will be just exactly the same as if the rotor re- 
volved backwards at a speed equal to the slip, while 
the field stood still. Therefore the frequency of the 
rotor currents is also proportional to the slip. 

In well designed induction motors the slip is 
very small, being only ten per cent, for small ma- 
chines and rarely exceeding four per cent, in large 
machines. One can always gain an approximate 
idea of the load on an induction motor by measuring 
its speed and comparing it with the speed of the 
field, which can of course he computed by dividing 
the frequency of alteration by the number of poles 




FIC. S- SIMl'LE ROTOR, SQUIRREL-CAGE TVPE. 

or the number of cycles per minute by the numbei 
pairs of poles. In determining the number of poles 
on a motor, care must be taken to compute the num- 
ber of poles per phase and not simply the number 
of bands of wires on the surface of the stator. Thus 
the machines shown in the foregoing figures are four 
pole machines. If by this simple experiment the 
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slip is found to he large, it may be assumed in a 
general way that the inotnr is wnrking under a 
heavy load. 

In practice the induction motor will be found to 
behave verv much like an ordinary direct current 



1 




shunt motor. It will have its highest .speed at light 
I load and it will slow down somewhat as the load 
p cranes on. 

In electrical characteristics the induction motor 

behaves very much like an ordinary transformer. It 

the motor is driven by mechanical means at syn- 

. chronous speed, no currents exist in its rotor cir- 
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cnits and ihe stator then becumes like the primary 
of a transformer with an open circuited secondary. 
It takes a small amount of current most of which is 
wattless for ma^etiztng purposes only, and the 
working component of this current is only sufficient 




FIG. 7- COMPLETE MOTOR, SQXIIEHEL-CAGE 



to overcome the heating losses in the stator wires 
and the iron losses in the stator and rotor. As load 
begins to be put on the induction motor, slip appears, 
and currents appear in the rotor winding, and as in 
the transformer additional current flows in the 
stator windings to make up for the demagnetizing 
action of the currents in the rotor windings so as to 
keep the magnetic field practically the same as it 
was before. As the slip and load become greater, 
the currents become heavier, and with them the 
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stator currents. If tiie currents in tlie'ic two mem- 
bers now oppose each other with great magneto 
motive force, weakening the resultant field and 
reducing the torque, the alternative path through 
the armature also becomes less attractive to the 
lines of force and magnetic leakage appears, 



1 




FIG. 8. AUTO STARTER. 

which is more prominent in the inductive motor 
than in the simple transformer, due to the relatively- 
poorer magnetic circuit, due to the clearance gap 
necessary to permit the rotor to revolve. Leakage 
lines which do not cut both rotor and stator wind- 
ings produce no torque, and their lo.ss contributes 
to the lesser power of the motor. Hence, when 
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the slip is large, there will be reduced torque, 
unless some means are employed to keep down 
the excessive currents of displaced phase. The 
introduction of resistance into the rotor winding 
not only reduces the currents, but it improves their 




phase relation with reference to the stator wind- 
ing as far as torque-producing is concerned. 

The immediately preceding considerations are im- 
portant because it is evident that at starting a motor 
the slip is equal to the speed of the field and is very 
large, in fact a maximum. Therefore in starting 
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induction motors it is customary to insert resistance 
either in the rotor or stator circuits, and to cut the 
same out after the machine has reached full speed. 
This enables the machine to start with a good torque 
and without taking excessive current. If the re- 
sistance however were permanently kept in circuit, 
it would have the effect of reducing the torque at 
full load. The machine would run with a greater 
slip than without the resistance and at a lower effi- 
ciency. Hence it is a very common thing to look 
for loose contacts in the rotor circuit when any un- 
due amount of slip develops, and the motor is known 
not to be overloaded. The effect of putting resist- 
ance in the stator circuit is of course to operate the 
stator itself at a reduced voltage. This effect is 
more commonly obtained by means of an auto- 
transformer. A reduced voltage is applied by 
means of this device, and after the motor is well 
started, it is switched over on to the full line 
voltage. 

An induction motor has a power factor less than 
unity, due to the shift of the phase of the primary 
current by reason of the wattless component re- 
quired for magnetizing purposes. This power 
factor is considerably smaller than that which 
appears in transformers, and its smaller value is 
principally due to magnetic leakage, which makes 
the magnetizing current larger than would other- 
wise be the case. Hence induction motors are 
built with exceedingly small clearance gaps in 
order to minimize this trouble. 
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It has been stated tliat, when the sHp becomes 
very large, the rotor currents react heavily on the 
stator due to their mag-njtude and displaced phase 
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and reduce the torque. Therefore, like the shunt 
motor, the torque of an induction motor is less at 
starting than at certain points of the load. If, 
l^therefore, the induction motor is loaded, the slip 
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and torque will increase and the motor will turn 
at reduced speed and carry its load. If, how- 
ever, the load is carried to such a point that the 
reaction of the rotor becomes too great, the torque 
will not continue to increase but will reduce. 
The effect is cumulative, bringing the rotor 
quickly to rest, where it will stand, at the same 
time circulating enormous currents through 
its structure. Therefore fuses or overload limit 
devices are more important on an induction motor 
than a shunt motor, for if the latter is overloaded 
there will be plenty .of distressing symptoms before 
the danger point appears, while the induction would 
simply quietly stop and then burn out. 

In actual construction the induction motor stator 
carries a winding which strongly reminds one of the 
ordinary direct current armature winding. In fact 
if a direct current armature winding be tapped at 
equi-distant points and equipped with polyphase 
terminals, supplied from a polyphase generator, it 
would generate a rotary field, and some induction 
motors are built in this way. Other induction mo- 
tors are built with independent circuits for each 
phase, in short the mesh or star winding or inde- 
pendent winding, as convenience and the exigencies 
of the case may dictate, are employed. The mechan- 
ical arrangement of the coils is the same as that used 
in designing direct current windings. The various 
slots in the stator and selected, each carrying cur- 
rents in like directions, and are connected by end 
connectors to slots carrying current in the opposite 
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direction, the end connectors being arranged to 
lock into each other after the fashion of the Eicke- 
meyer or straight-out winding. The rotor circuit 
and its windings is always of extreme simplicity. 
The simplest form is that shown in Fig. 5, in which 
the straight bars that form the rotor conductors are 
tied together at each end by a hoop of copper wire 
which effectively short circuits them to each 
other. The stator of this motor and the complete 
motor is shown in Figs. 6 and 7. In some cases 
it is found convenient to wind the rotor with 
a winding similar to that of the stator so that 
the ends may be brought out to rings for the 
purpose of inserting resistance in starting. A con- 
venient means of inserting resistance in the rotor is 
to have a resistance concealed inside the rotor arm- 
ature, to revolve with it, and arranged with suitable 
short circuiting terminals to engage with a sliding 
collar on the shaft which can be manipulated with 
a handle. Such a motor is illustrated in Fig. 9. 
Induction motors having squirrel cage rotors re- 
quire an auto-transformer for use in connection 
with the stator for starting purposes unless the ma- 
chine be very small, or unless it is started under 
very light load. Such an auto starter is shown 
in Fig. 8. It is plain that the motor could be 
built exchanging the function of the rotating mem.- 
bers. That is to say, the revolving field could be 
on the revolving member and push the latter around 
by reacting on stationary short circuited conductors 
and some motors have been built in this way. There 
are, however, more advantages in the other forms 
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and few of these motors are now made. Such a 
motor is shown in Fig. 10. 

Low frequency induction motors are readily 
built to have a very high power factor, but as the fre- 
quency increases, the difficulty of building the motor 
with a good power factor increases also, and with 
frequencies as high as 16,000 alternations per minute 
condensers are often employed to supply the lagging 
magnetizing currents. 



CHAPTER XI. 
The Rotary Converter, 

It is often desired to change alternating current 
into direct current. For this purpose a rotary device 
of some kind is necessary. The student will readily 
appreciate the possibility of connecting a synchro- 
nous alternating current motor to a direct current 
dynamo and effecting the combination in this way, 
and the principles of this device are so simple that 
discussion of them in this chapter is not necessary. 

It will be well understood that such a combined 
dynamo and motor could be driven by direct current 
and produce alternating current, or it could be 
driven by power and produce both direct and alter- 
nating current. It is, however, possible to secure all 
these results with a single machine weighing much 
less and costing much less. The only real difference 
between the two combinations as far as electrical 
performance is concerned is that the single machine 
does not possess independent current and voltage 
regulation, as does the combination device described 
in the opening paragraph. 

If we take an ordinary Gramme ring armature 
revolving in a two pole fields as shown in Fig. I, and 
tap opposite places in the winding with a lead and 
bring the same down to two collector rings on the 
shaft, we shall find that on revolving such an arm- 
ature in an excited field an alternating current elec- 
tro motive force appears at the two rings. It is 
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plain that this must be the case because we may con- 
sider the two halves of the ring as two equal coils 
connected in parallel, and as they revolve in the 
field, they fill with lines of force, first in one direc- 
ticai and then in another. The result cannot be any- 
thing but an alternating electro motive force, and if 
we connect a circuit across the collector rings we 
shall of course derive an alternating current electro 
motive force from this source. It is also plain that 
the operation of the machine as a direct current 
dvnamo is in no wav affected and we can draw direct 




current from the brushes and commutator in the 
ordinary way. It is further obvious that we could 
drive the machine as a direct current motor, and at 
the collector rings there would still appear the alter- 
nating current electro motive force, for we would 
still have identically equal electro motive force con- 
ditions as far as the coils and rings are concerned. 
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If we should draw alternating current from the 
co4 lector rings at the same time that direct current 
was being fed to the commutator, there would ap- 
pear in the armature conductors two currents super- 
posed on each other. In reality there would be in 
these armature conductors only one current of vary- 
ing strength, but that current would be the resultant 
of alternating current drawn from the rings on the 
one side and the direct current fed thereto on the 
other. The frequency of the alternating current 
would of course be fixed by the speed of the machine 
and the number of poles. In this case the number 
of cycles per minute would be exactly equal to the 
number of revolutions. 

The value of the alternating current electro motive 
force will depend upon the speed of the machine and 
the strength of the field, but it is plain also that if the 
field be weakened, the speed of the machine would 
increase according to the laws of direct current 
motors. Therefore the alternating current electro 
motive force obtained from the rings would not be 
entirely dependent on the strength of the field, be- 
cause whatever was lost by variation in field strength 
would be made up in part by variation in the speed 
of the device. 

If the machine were driven so that the alternating 
current had a definite frequency, the conditions could 
be adjusted so that this frequency kept exact step 
with the frequency of another circuit, and the volt- 
ages being equalized, the machine could be con- 
nected to this circuit and could deliver power there- 
to. If the direct current source of supply were re- 
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moved from the armature, the machine would con- 
tinue to run because it is operating at what is known 
as synchronous speed, that is to say synchronous 
with the alternating current to which it was con- 
nected, and currents would flow in the armature 
wires in such direction as to produce rotation under 
tlic influence of the magnetic field. 

Considering any one conductor of the armature of 
the machine under these conditions, and assuming 
that at any given instant it was receiving current to 
cause it to be driven in the right direction, synchro- 
nous rotation will move that conductor through the 
field with just exactly the right speed so that when 
the current reverses due to the alternating current 
supply, it will be under the next pole and its reversed 
current will serve to drive in the same direction. 
Therefore by this arrangement we will have a direct 
current winding driven in an excited field and 
equipped with a commutator, a combination with 
which the student is already familiar, as a source of 
direct currents. 

If the Gramme ring armature be equipped with 
three equi-distant taps and three rings, as shown in 
Fig. 2, three phase electro motive forces would ap- 
pear at the three rings, in short, the foregoing reas- 
oning would apply throughout. The ^ame is true if 
four, six, eight or twelve rings and electro motive 
forces of appropriate phase be employed, and further 
consideration will show the above to be true of a 
drum as well as of a ring armature. 

If this combination shown in Fig. 2 is taken in its 
simplest form, it will be found that the alternating 
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current electro motive force applied to the rings 
bears a fixed ratio to the direct current electro 
motive force taken from the commutator, and thai 
strengthening or weakening the field has no influence 
whatever on raising or lowering the voltage. This 
is a condition which would not at first be expected to 
occur. There is no apparent reason why a direct 
current winding driven at a constant speed should 
not give a higher electro motive force at the commu- 
tator as the field strength is increased, and vice versa. 
The reason for this requires a little explanation: 




The electro motive forces ratio in a rotary con- 
verter are so absolutely fixed with relation to each 
other, that once started, a rotary converter will oper- 
ate, receiving power at the alternating end and deliv- 
ering it at the direct current end without any field 
whatever, and indeed some rotary converters have 
been built without any winding on their pole pieces. 
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Let us consider the armature alone. This has a 
distributed winding exactly similar to those em- 
ployed in an induction motor and fed at equi-distant 
points thereon in an exactly similar way with poly- 
phase currents. The result is a rotary field travers- 
ing the surface of the armature, and if the armature 
stood still, a properly designed short circuited rotor 
winding would revolve about it. In the rotary con- 
verter, however, this winding does not stand still but 
revolves at synchronous speed. As the winding re- 
volves the field therefore stands still in space, and if 
this revolving armature with its stationary field be 
surrounded by a field excited with pole pieces as it is 
in practice, it is plain that the wires are cut not only 
by the flux from the excited field of the stationary 
part but by the flux of the stationary field which 
emanates from the armature itself under the condi- 
tions just described. Therefore an electro motive 
force generated in these wires is due to the resultant 
of these two fields. The field which is due to the 
armature stands still in space under constant condi- 
tions. If the conditions change, however, the field 
will either advance or recede to a new stationary 
position and make a corresponding change in the 
resultant flux. It is plain that if the field due to the 
armature registered with poles of like polarity in the 
excited field, the total excitation would be very 
much reduced, and conversely, if the field due to 
the armature were advanced so that it registered 
with poles of unlike polarity, the resultant flux 
would be very much increased. 
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In an alternating current dynamo a lagging cur- 
rent has a strong demagnetizing eflfect on the field, 
due to this very phenomenon. In an alternating 
current synchronous motor, in which class the rotary 
converter is, a lagging current very much strength- 
ens the flux and a leading current weakens the flux. 
Conversely if the field flux is strengthened by in- 
creasing the exciting current in the stationary part, a 
leading current is produced, and if weakened a lag- 
ging current. Hence strengthening of the field of a 
rotary converter has the effect of shifting the field 
due to the armature to such a position as to render 
the resultant flux almost if not quite the same as it 
was before, and therefore a rotary converter trans- 
forming from alternating to direct current has prac- 
tically a fixed ratio between alternating current and 
direct current ends irrespective of field strength. 

The above being true, it may be asked why a field 
is required at all for a rotary converter. For the 
operation of the converter itself it is not necessary, 
and as has been stated before, a rotary converter will 
operate without any field windings. Under such 
circumstances, however, it takes a lagging current, 
which is objectionable, and increasing the field 
strength will not only do away with a lagging cur- 
rent, but if carried to a sufficient point will replace it 
with a leading current, and will therefore enable it to 
compensate for the lagging currents of other ma- 
chines on the line, for instance, induction motors. 
This effect is most marked when the rotary converter 
is lightly loaded. 

It is, however, possible tp secure a voltage regul^- 
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tion on the direct current end of the rotary converter, 
causing it to rise as the load comes on in precisely 
the same way that a direct current dynamo operates, 
and it will be readily appreciated that this feature is 
desirable. This is accomplished by increasing the 
strength of the field, but such increase of magnetism 
is only effective under certain peculiar line condi- 
tions- and the corresponding rise of voltage is not due 
directly to the increase of the field strength itself. 
The operation of such an arrangement is as follows : 

The line is equipped with reactance coils whereby 
the current is naturally lagging in its character. The 
increase of field strength produces a leading current 
in the rotary, thereby correcting the lagging current 
in the coils, and the inductive drop thereof. The 
alternating current potential at the rotary rings 
therefore becomes higher and with it the direct 
current potential at the commutator. Therefore 
when the line is equipped with proper inductance, a 
rotary may be compounded and will operate in all 
respects like a compound generator. 

In respect to details of operation and manage- 
ment, the rotary converter differs from the direct 
current generator, and these details are reserved for 
a chapter to follow on the management of alternat- 
ing current machinery. 

Inasmuch as the voltage at the direct current ter- 
minals of a rotary converter is a function of that of 
the alternating end, it is interesting to examine the 
formula on which these ratios are established. Let 
EJ be the direct current voltage and Ea the alter- 
nating current voltage, and let N be the number of 
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collector rings on the converter, that is, the number 
of equi-distant points at which the armature winding 
is tapped. For a single phase converter there are 
two rings. For a two phase converter there are four 
rings. For a three phase converter three rings. For 
a six phase converter six rings. The deduction of 
the formula is rather too complicated for the scope 
of this work, but the formula itself is as follows : 

I 7t 

Ea = — Ed sin — 
^/Y N 

Thus the effective electro motive forces of a sin- 
gle phase converter where the number of rings is 
two is 

Ed n 

Ea =^ — X sin — = .707 Ed 

7t 

because sin — is i. 

2 

Therefore, if we were to supply a single phase 

rotary converter with 70.7 alternating volts, we 

should expect to receive at the direct current end 

100 direct current volts, and in practice this value 

would be very nearly obtained, the only difference 

being the losses in the armature wave deformation, 

and influences of like character. For a three phase 

converter 

and the formula becomes 

Ed n 

Ea - — X sin — = .612 Ed 

3 
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for one third oi n •= Go degrees, and the sine of 60 
degrees is 



3 
and the arithmetical solution gives the results given 

above. Therefore, if we wish to get 550 direct cur- 
rent volts from a three phase converter, it would be 
necessary to supply 550 X -612 or 337 alternating 
volts. 
With a two phase converter N = 4. 

E^ n 

E^ = — X sin — 

v^2 4 

n I 

The sine of — we know to be — 

4 v^ 

and consequently 

Ea = — 
2 
That is to say, the electro motive force between the 

adjacent rings of a two phase rotary converter is 

equal to one half the electro motive force at the 

direct current brushes. 



CHAPTER XII. 

Alternating Current Generators and Syn- 
chronous Motors. 

Alternating current generators and synchronous 
motors are practically exactly alike, and as far as 
the methods of construction are concerned, the same 
remarks apply to either machine. The only differ- 
ence between the two machines is their method of 
operation. 

The simplest form of alternator is, of course, a 
single coil suitably wound upon a core and revolv- 
ing in a magnetic field, the ends of this coil being 
brought out to two collector rings. As the coil 
empties and fills with lines of force, it gives an elec- 
tro motive force first in one direction and then in 
the other, and as there is no effort made to commu- 
tatc the same, this electro motive force appears at 
the terminals of the dynamo. An extension of this 
principle which provides a number of coils all in 
series with one another upon a revolving cylinder 
and an equal number of poles, comprises the princi- 
ple of the method employed in building the first 
alternators. There is, of course, in such a case, but 
one alternating current, and therefore the machine 
is a single phase machine. A single phase winding 
built upon this plan is shown in Fig. i. 

The early alternators were like the early direct 
current machines, surface wound, the coils depicted 
in the figure being known as the "pancake" coil, and 
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machines of this type give an electro motive force 
which very closely approximated in its risings and 
fallings a sine curve. 

With the advent of the toothed armature, alterna- 
tors were built with toothed armatures also, and the 
resulting curve of electro motive force was very 
much peaked and distorted. The difference in the 
character of these currents was freely recognized 
and much discussion pro and con was had as to 
whether or no the peaked or the sine wave was the 
most suitable. At that time the alternating current 
motor had not come into prominence and was in its 
experimental stages and the peaked wave had many 




FIG. I. 

arguments in its favor. However, as soon as alter- 
nating current began to be used for other purposes 
than for lighting, the form of the wave became more 
important, and it was soon seen that the sine wave 
was most desirable from every point of view. The 
toothed armature, however, with its great magnetic 
efficiency was not to be abandoned without an effort, 
and means were sought whereby this structure 
would give a sine wave as good if not better than 
its predecessors. This led to the general use of the 
distributed winding. The winding as depicted in 
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Fig. I being called a "concentrated" winding, that 
is to say, the coils were wound without overlapping, 
in large units and there were as many coils as poles. 

In our discussion of the rotary converter we have 
seen that if we tap a direct current winding at two 
equi-distant points for every pair of poles and lead 
the ends out to collector rings, that an alternating 
current electro motive force will result. This ar- 
rangement provides a large number of coils per 
pole, and the waves of electro motive force from 
such an armature very closely approximates a curve 
of sines, even though the armature be toothed. In 
other words, the coil is spread out to cover the whole 
surface of the armature instead of concentrated in 
one large unit on one large tooth. Moreover the 
magnetic efficiency of such an armature is greater 
because of the shorter magnetic circuit, and the 
machine is better suited for operating in parallel 
with other machines. Consequently all modem 
alternators aim to have a distributed winding, that 
is to say, the armature has many slots and the wind- 
ing covers the surface of the drum in much the 
same way as is the case with direct current 
machines. 

As there are no commutation problems in the 
design of an alternator, it is not necessary to con- 
sider the inductance of a single bobbin with refer- 
ence to anything excepting the production of a 
suitable form of electro motive force wave. It will 
be well understood that the fewer slots a machine 
has, and the fewer coils, the cheaper it is to build, 
and consequently most modern alternators have 
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enough coils to produce the sine wave, but in most 
cases not enough so that they could be connected to 
a commutator and give good direct current commu- 
tation except in the case of rotary converters where 
this is absolutely necessary. 

Considering Fig. i again, it will be noted that be- 
tween the coils there is a space A practically equal 
to the coil width, and it occurred to the designers 
that these spaces might be filled up also with coils, 
thereby producing a second winding from which an 
output equal to that of the first could be secured, 
and many early dynamos were built in this way. It 




FIG. 2. 

is safe to say that with this idea of increased output 
in view, a number of designers invented the poly- 
phase dynamo long before they realized the value 
of its application. It was found that these two sets 
of coils could not be connected in parallel, and so 
each was led out to a separate pair of collector rings 
and the output utilized on separate circuits. Among 
the inventors who thus' builded better than they 
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knew may be mentioned Gramme of France and 
James J. Wood of America. 

It is easy for the reader of this article to see that, 
considering Fig. i, coils placed in the middle spaces 
between those shown in the figure, would come 
under the poles a certain period after the other set 
of coils, and consequently the electro motive force 
in the two sets would not agree in phase but would 
be rigidly held a quarter period apart. These two 
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sets of coils, if connected in parallel would produce 
a short circuit. If connected in series they would 
produce 1.41 times the electromotive force of a sin- 
gle set of coils. It remained for Tesla by his inven- 
tion of the polyphase motor to demonstrate that these 
currents in shifted phase could be utilized together 
in many cases with advantageous results, and in this 
way the polyphase dynamo, which had heretofore 
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existed simply as a means of getting greater output 
out of a single machine became a most important 
commercial dynamo. These things being known, it 
became at once apparent that the principle could be 
extended and several sets of coils could be placed on 
a single armature so arranged that each set would 
successively come under the influence of the poles, 
thereby producing currents in shifted phase with ref- 
erence to their neighbors and each circuit could be led 
out to a pair of collector rings and utilized, and 
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further developments and investigations showed that 
these sets of coils if properly designed, could be con- 
nected in star or mesh combination in precisely the 
same way, and on the same principle that transform- 
ers can be connected. Thus in Fig. 2 we have a 
dynamo with three sets of coils distributed to the 

extent that each coil is divided between two slots, 
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The arrangement shown is a common method of ar- 
ranging the circuits of a three phase dynamo, and 
these sets of coils may be connected in gamma, as 
shown in Fig. 3, or in delta, as shown in Fig. 4. 

A direct current winding tapped at equi-distant 
points and brought down to collector rings always 
produces a mesh winding. 

Many modern alternators are wound on the Y 
plan. When an alternator is wound on the star sys- 
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tem it is usual to bring out the centre of the winding 
to another collector ring. Thus a three phase dyna- 
mo may have four collector rings, the fourth ring 
constituting the centre of the star winding. It may 
have three rings, as shown in Figs. 3 and 4, or it 
may have six rings, in which the windings of each 
circuit are brought down independently, in which 
case the armature may be connected in star or mesh, 
as may be found desirable. 

Similarly a two phase machine, while it usually 
has four rings, and tWo independent circuits on its 
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armature, may have five rings, the independent wind- 
ings being connected together within the armature 
at their middle point, and that point being brought 
out to the fifth ring, or it may have only three rings, 
two of the ends of the winding being connected 
together and brought out to a single ring, the other 
two rings being reserved for the other two free ends. 
In that case the winding carrying two connections 
serves as a common return ring for the windings 
of the armature. This arrangement, however, is 
little used. 
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It is plain that an alternator being unhampered by 
a commutator may be conveniently built so that 
either member could be the revolving part, for in- 
stance, one method is that of having the wire in 
which the current is generated^ that is to say, the 
armature, revolve as shown in Fig. 5, or the field 
may revolve, as shown* in Fig. 6. The latter ar- 
rangement is very satisfactory and convenient, for 
there would then be necessary only two collector 
rings to feed direct cu^r^.nt to the revolving field, 
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and the various terminals of the armature winding 
can then be brought out and connected together as 
may be found expedient. This is the method em- 
ployed in all large alternators and in many of the 
smaller types; in fact there is little advantage in 
having the armature the revolving part unless it is 
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desired to commutate a portion of the alternating 
current for the purpose of producing a direct current 
for the field magnets for regulation purposes. It was 
found with early machines that unless some device 
of this character were employed, regulation would be 
very poor, but modern machines with toothed arma- 
tures and distributed windings can be built §0 that 
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the regulation is practically inherent, and in large 
units the changes of load are gradual and can be 
readily followed by hand. Hence in modern con- 
struction, machines with revolving fields are the rule, 
and the rotating armature is now the exceptional 
construction. 

In order that an alternating current may be gen- 
erated, it is only necessary that the generating coils 
be filled and emptied with lines of force at the 
proper intervals. This can be accomplished without 
the use of any moving wire whatever and machines 
of this type are called inductor alternators. 

The simplest form of inductor alternator has for 
its principle the rotation of the core of the field mag- 
net, the exciting wire being stationary. If we take 
a simple spool magnet with a cylindrical core 
mounted in bearings parallel to its length, it is plain 
that if there is clearance between the core and spool 
winding, that the former may be rotated while the 
latter is still, and if the core be equipped at its ends 
by projections radially disposed and these projec- 
tions traverse in front of coils of wire, that the latter 
will fill and empty with lines of force, and we shall 
have an alternating generator without any moving 
wire. A diagram of such an alternator is shown in 
Fig. 7, and is the usual form of alternators of the 
inductor type. Of course it would be possible to 
place a coil in which current is to be generated, and 
an exciting coil side by side, and to suddenly move 
across the gap a piece of magnetic metal, which 
would complete the magnetic circuit of the two, 
and which would allow lines of forc^ to flow from 



158 ALTERNATING CURRENTS EXPLAINED. 

one coil to the other, and by the equally sudden re- 
moval to de-energize the same. This principle has 
been employed, but not so generally and successfully 
as the one just cited. It is illustrated in Fig. 8, 
It is further evident that either of these structures 
could be wound with coils in such position as to suc- 
cessively come under the influence of magnetic flux 
in proper order and thereby give rise to several elec- 
tro motive forces rigidly held a definite number of 
degrees apart in phase. 

The synchronous motor is the exact counterpart 
of the alternator. Any alternator of the type dis- 
cussed can be made to run as a synchronous motor. 
If such a machine be excited with direct currents 
and driven up to synchronous speed by some means 
and then connected to an alternating current line or 
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lines with which it is equal in phase and voltage, it 
will continue to run as a motor at synchronous speed, 
and load may be placed upon it up to a certain limit, 
beyond which it will be dragged out to synchronism 
and will immediately come to rest. Single phase 
synchronous motors have no torque whatever e^^- 
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cepting at synchronism, and cannot start of them- 
selves. Polyphase synchronous motors, if properly 
designed, have a slight torque at starting, which in 
some cases is sufficient to bring them up to synchro- 
nous speed provided that they are free of all load, 
and after synchronism is reached, the motor may be 
loaded. The synchronous motor is most suitable 
for large powers. In small units it is a very undesir- 
able machine because of its inability to start under 
load, and the fact that it requires direct current ex- 
citation. Large power units, however, are frequently 
so arranged that starting under load is not necessary. 
The synchronous motor has an advantage that its 
power factor is under control by the simple device of 
varying the excitation. It is not only possible to 
make the power factor unity, but it is even possible 
to carry the work further and make the current a 
leading current, thereby compensating for the induc- 
tive drop in the line. In fact, this feature is so valu- 
able that it is not uncommon to connect a synchro- 
nous motor to a system of circuits for no other pur- 
pose than improving the power factor. In such 
cases the synchronous motor is often called a con- 
denser motor for the reason that its action is pre- 
cisely similar to that of a condenser. The control of 
the power factor of a synchronous motor is much 
more complete when the motor is running without 
load. 



CHAPTER XIII. 

The Management of Alternating Current 

Machinery. 

The most familiar alternating current generator 
is the single phase belted machine with concentrated 
windings, compounding coils and rectifier. These 
machines are used almost exclusively for lighting 
and are practically never run on inductive load or in 
parallel. Their operation is a very simple matter 
consisting merely first of bringing the machine up to 
speed, second, exciting it up to voltage, and third, 
switching on its working circuit. 

The compounding coils of an alternator of this 
type are usually a very potent factor in maintaining 
the field as the load comes on, and in some cases they 
require to be helped out by means of the exciter 
rheostat. The greatest source of trouble in a ma- 
chine of this type is the commutator. This is sup- 
posed to rectify a portion of the main line current for 
the purpose of exciting the series coils, the brush 
slipping from segment to segment as the alternating 
current passes through zero. If the phase of the 
alternating current shifts due to inductive load, 
proper point of commutation shifts also and if this 
is rapidly varying, it is a practical impossibility to 
follow it in its fluctuations. This is one of the prin- 
cipal reasons why the compounded alternator is not 
suitable for inductive loads. 
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The concentrated winding is also not suited to in- 
ductive loads for the reason that the reactions of the 
large concentrated coils are very heavy and reduce 
the voltage very materially, and this reduction of 
voltage by armature reaction is far more pronounced 
when the load is inductive for the following reason 
which holds true of any alternator. Considering 
Fig. I, a diagram of an alternator, the wires are 
shown by circles and those carrying current contain 
either dots or crosses which also serve to indicate 
the direction of flow, if the dot be considered as the 
approaching point of the arrow and the cross its re- 
treating tip. 

When the load on an alternator is non-inductive, 
maximum current corresponds with maximum volt- 
age. Maximum voltage occurs at the moment when 
the coil is beginning to fill with lines of force as in 
the position A B, and if maximum current corre- 
sponds, the field due to this coil will be principally 
expended in a cross magnetizing effect in that por- 
tion of the armature between adjacent pole pieces. 
If, however, the load is inductive, the maximum cur- 
rent does not occur in the wire till some instants 
after the maximum voltage has occurred, in other 
words the armature will have advanced further and 
maximum current will occur when the coil is in a 
position such as Ai Bi. In this case it will be seen 
that the armature coil is linked with the magnetic 
circuit, and the direction of the current that it con- 
tains is opposite to that in the adjacent field wind- 
ing. It, therefore, exercises a strong demagnetizing 
reaction. Moreover, in this position the coil is 
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carrying currents a proper direction to drive the 
armature instead of to be driven by it, consequently 
in this extreme position of phase displacement little 
energy is required to revolve the armature, in fact, 
only enough energy to overcome the frictional and 
various other losses of the dynamo including the 
C^R loss necessary to force the power less current 
through the circuits. The above is useful in show- 
ing first, that the wattless current is very severe in 
its demagnetizing reactions, and second, that the 
wattless current can engage the current capacity of 
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the dynamo without requiring power in proportion 
to revolve it, in short, its exact nature is thus dem- 
onstrated. 

To attempt to operate two alternators of the con- 
centrated winding large tooth type in parallel is 
not very satisfactory though it can be done. The 
Wave form given out by an armature of this type, 
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as has been stated in previous chapters, is an irregu- 
lar peaked wave and the waves emanating from two 
different machines may not be at all alike. In order 
that two machines shall run in parallel together, 
their electro motive forces must be the same at every 
instant, and if their waves are different this is de- 
parted from, and currents will be exchanged be- 
tween the machines. When one machine attempts 
to run faster than the other, waves of electro motive 
force of the two machines are displaced in phase in- 
stead of in exact opposition, and a resultant current 
between the machines at once flows which brings 
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them back into step again. This is called the 
synchronizing current. If the waves are peaked, the 
slightest displacement in phase results in a very large 
difference of instantaneous electro motive force of 
the machines, and a very large synchronizing cur- 
rent flows which overdoes the work, accelerating the 
lagging machine too much and retarding the other 
machine too great a degree. This instantly displaces 
the phase in opposite direction and another synchron- 



i64 ALTERNATING CURRENTS EXPLAINED. 

ous current is generated to restore the conditions, 
which also overdoes its work. This difficulty is apt 
to decrease rather than to diminish, and when ma- 
chines do this they are said to be pumping or hunt- 
ing, and the synchronizing currents frequently be- 
come so severe that it is necessary to separate the 
two machines. 

When the wave is of the smooth sine variety such 
as obtains with a distributed winding, a slight dis- 
placement in phase only results in a small synchron- 
izing current being generated, and the two arma- 
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tures are brought back into phase without over- 
traveling. Hence machines with well distributed 
windings are invariably employed where good mul- 
tiple operation is an important consideration. 

A distributed wound single phase machine re- 
quires less skill in its operation than one of the old 
time single phasers. It sometimes carries a com- 
pound coil, though more often it has none, depending 
upon hand regulation. Its inherent regulation, that 
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is to say its maintenance of voltage under load with- 
out operating the rheostat is always good and but 
little hand regulation is required. 

The polyphase generator operating singly requires 
no more attention than when operating on a single 
phase generator. It is necessary, however, that the 
phases be kept balanced, that is to say that the load 
on each phase be as nearly the same as possible, in 
short, the expedients employed in balancing up a 
three wire system can profitably be employed. In a 
large lighting station having street lighting circuits, 
it is very common to divide the latter up into groups, 
which can be thrown on any of the phases, and use 
them to balance off the commercial load over which 
the station has little control. If the phases are not 
kept evenly balanced, the voltage of the heavily 
loaded phase will be lower than that of the lightly 
loaded ones. If there are induction or synchronous 
motors on the line, these motors will tend to act as an 
equalizer absorbing power from the high voltage 
phase and delivering it to the low voltage 
phase. This, however, is very unsatisfactory from a 
standpoint of the owner of the motor, who naturally 
prefers to see his machine employed in doing his own 
work rather than occupying itself in transferring 
power from the light to the heavily loaded 
phases. 

When it is attempted to run alternators in parallel, 
the skill of the central station manipulator is some- 
times quite severely taxed. Before the machines can 
be switched together on the same busbars they must 
be in step and equal and opposite in voltage, for to 
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switch them together under any other conditions 
would mean a short circuit on account of the' im- 
mense synchronizing currents which the machines 
will exchange between themselves. In order to de- 
termine whether two machines are in step, various 
devices are resorted to, the most common is that 
known as the synchronizing lamp. Two phases 
which are to be synchronized together are connected 
in series with a lamp interposed, the voltage of this 
lamp being equal to the sum of the voltages of the 
two machines. As the machines revolve going into 
and coming out of phase, this lamp flickers from a 
maximum to a minimum. When the lamp is dark 
the machines are in parallel. When it is bright they 
are in series with one another. When they are ex- 
changing the parallel and series conditions very 
rapidly, the machines are of different frequencies, 
that is to say one is revolving faster than the other. 
The speeding machine should be retarded and the 
lagging machine should be accelerated. When this is 
properly done it will be noted that the flickering of 
the synchronizing lamp becomes less and less fre- 
quent, and that it changes more and more slowly 
from dark to bright. It is only when the lamp is 
dark, and the time which it has required to reach the 
dark condition from the last condition of brilliancv 

m 

is some 5 or lo seconds, (the larger the machine the 
longer the interval should be) before it is safe to 
throw them together. If they are not in exact step, 
connecting them together will cause the machines 
to exchange synchronizing currents and bring them 
into step; this in large machines means the sud- 
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den movement of many tons of metal which requires 
great power. Two machines could be in- 
stantaneously in absolute step, and equal in voltage 
for the instant, and yet one could be rapidly traveling 
ahead of the other. Switching them together 
under such conditions would necessitate the ex- 
changing of sufficient synchronizing current to trans- 
fer the excess momentum of one machine to the 
other, and would be very likely to be an excessive 
current. Equal angular velocity on the armatures 
with reference to the pole pieces is very necessary, 
that is to say a given point on each armature must 
pass the same number of poles per minute. This is 
really of greater importance than that the machines 
should be exactly in phase, although the latter is im- 
portant also. 

The method of synchronizing with the lamp when 
the lamp becomes dark is called synchronizing 
dark. In high voltage machines of course a lamp 
cannot be employed without the intervention of two 
transformers as shown in Fig. 3. In such a case it 
becomes possible to connect the transformers so that 
when the machines are in phase the transformers 
shall be assisting each other in supplying voltage to 
the lamp, and maximum brilliancy of the lamp will 
then correspond to agreement in phase with the ma- 
chines. This latter method is called synchronizing 
bright and is generally preferred because it is found 
to be easier to determine when a lamp is at full bril- 
liancy than when it is absolutely currentless, for it 
may be carrying quite a substantial current without 
reddening the filament. 
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With very large alternators having enormous 
fly-wheel capacity the difficulties of synchronizing 
and the penalty for failure to synchronize when 
throwing machines in parallel are so severe that 
lamps as synchronizers are dangerous expedients, 
and other means must be adopted to determine 
whether the machines are in exact step and 
operating at the same angular velocity. Vari- 
ous devices have been employed. Telephones 
have been used, but the latter are so delicate that it 
is never possible to get the machines synchronized 
so perfectly as to produce exact silence, and they are 
therefore subject to the same criticism as lamps. 
One of the most satisfactory arrangements is 
the Lincoln sync hronosc ope, 
due to Paul M. Lincoln, and 
now in almost universal use in 
large stations. It is illustrated 
in Fig. 4. This device indi- 
cates positively the difference 
in the frequency of the two 
alternators, and consists of a 
machine built exactly like an 
electric motor, except that 
the field magnet and arma- 
ture are both laminated. The 
field magnet is excited with 
alternating current from one 
of the alternators to be syn- 
chronized. The armature of 
'*■ the synchronizer is wound 

with two coils at right angles to each other. 
Each of these coils is connected through 
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collecting rings to the terminals of the second 
alternator. One of the coils has in series there- 
with a non-inductive resistance and the other a 
large inductance. The shaft of this machine has 
attached to it a pointer which moves over a divided 
circle. The two coils at right angles to each 
other upon being excited from one of the alterna- 
tors carry currents practically 90° apart in phase, 
and therefore generate a rotating field. If the 
alternator connected to the field frame of this 
machine be running very slowly, it will magnet- 
ize slowly, first in one direction and then in the 
other, and the rotating field will interlock with 
the stationary field and revolve the pointer. Con- 
versely if the frequency of the generator connected 
to the field of the apparatus is the higher, the 
pointer will also be revolved but in the reverse 
direction. When the machines are equal in fre- 
quency but not in step, the pointer will be station- 
ary, its position being dependent upon the differ- 
ence in phase. Only when the machines are at 
exactly the same frequency and agree in phase 
will the pointer keep a vertical position, in which 
the coil connected to the non-inductive resistance 
will place itself so as to include the maximum 
number of lines of force in the magnetic circuit. 

In using this device the switches are thrown 
which connect the synchronizer in circuit and it 
is observed to revolve in a certain direction, which 
shows that one of the machines is faster than the 
other. The lagging machine is accelerated and 
the other retarded until the pointer gradually 
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slows down to a very slow rotation. When the 
rotation is sufficiently slow and the pointer is at 
a vertical position it is safe to throw in the paral- 
leling switches. The pointer, therefore, shows 
by its position the phase relation of the machines, 
and by its speed the difference in their angular 
velocities, and definitely fixes the two things 
that it is necessary to bring to equality before 
the synchronizing switches can be safely thrown. 
The device, of course, can be used directly or, 
as is more frequently the case, by means of 
transformers. 

In engine driven alternators the turning moment is 
not uniform as is the case with water wheels or 
steam turbines. While the number of revolutions 
per minute may be quite constant, the angular velo- 
city of the armature during the revolution will vary, 
increasing with the impulses of the piston and de- 
creasing between the impulses. If two engine driven 
alternators are connected in parallel and the crank 
of the engines are not synchronized, one machine 
would be tending to surge ahead just at the time 
when the other machine lags behind. This is almost 
certain to result in severe pumping between the ma- 
chines, and better operation will be obtained if they 
are separated and reconnected with their cranks as 
well as their phases in synchronism. This is not 
generally appreciated by those who have to operate 
such generators. The pumping is frequently noted 
and the units are separated to allow them to "settle 
down," when they are again connected together. 

After two machines are connected together they 
will divide the load between themselves, but the ratio 
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of this division of load is not dependent upon the field 
magnetism as is the case with direct current gener- 
ators. When the machines are multiple connected, 
one of them usually becomes the dictator of the speed 
of all the rest. This is usually the machine with the 
most sensitive governor if there be a dif- 
ference between them. If any machine at- 
tempts to lag behind or lead ahead, synchronizing 
currents are exchanged so as to hold the machines 
together. Thus in a large number of generators 
driven by water wheels, the most sensitive governor 
will usually do all the governing, the speed of the 
other generators being controlled by synchronizing 
currents from the governor generator. The output 
of each generator will depend on the gate that the 
wheel is given. Similarly with steam engines con- 
nected to alternators, one of the sets is likely to do 
all the governing. To divide the loads between the 
machines better results will be found in adjusting the 
cutoff of the engines, giving longer cutoff to those 
engines which during the parallel running tend to 
allow the other machines to carry the load. 



CHAPTER XIV. 

The Management of Alternating Current 
Machinery. (Continued.) 

The alternator, both single and polyphase, has been 
often built with a rectifying commutator which sup- 
plies series excitation, and so many of these machines 
are now in use that it is well to devote a few para- 
graphs to them. As noted in the last chapter, they are 
not suitable for inductive load for the reason that 
shifting of the current phase must be accompanied 
by a shifting of the brushes of the rectifier in order 
that they may slip from segment to segment when the 
current has zero value. When operating such a ma- 
chine, it is well to graduate the rocker arm of the 
brushes having an index for the various power fac- 
tors and to consult a power factor indicator when 
making the adjustment. Unfortunately power fac- 
tor indicators are not often found in plants with recti- 
fier equipped alternators, for the instrument is as 
modern as the machine is antiquated. If, however, 
the case demands that inductive load be supplied 
from a rectifier equipped machine, the power factor 
indicator will be a very practical aid in setting the 
rocker. For everv deflection of the instrument there is 
a non-sparking point on the rectifier which can be 
found and graduated for experimentally. 

Rectifier alternators give opportunity for a variety 
of confusing connections which, however, have for 
their basis a few simple principles. The simple alter- 
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nator without any rectifier is usually connected as 
shown in Figure i. The coils of the alternator arma- 
ture are all in series and depend for excitation entirely 
upon an exciter dynamo. Two rheostats are usually 
provided. One is in the field of the exciter dynamo 
and controls its voltage and thus the current rupplied 
to the alternator field. The range of this rheostat is 
limited by the commutation of the exciter. The other 
rheostat is connected in series with the exciter mains 
and controls the field current for the alternator di- 
rectly. The range of this latter rheostat is unlimited 
as far as machine performance is concerned. 

When the alternator is equipped with a rectifier, 
the most common way is to open the armature cir- 
cuit before it passes to the rings and pass it through 
the rectifier as shown in Figure 2. The entire recti- 
fier current is not usually allowed to pass through the 
series field of the alternator but a portion is deflected 
through a suitable shunt. The entire main line cur- 
rent, however, is rectified and appears in both the 
series field and shunt as undirectional pulsating cur- 
rent. 

Rectified pulsating current is quite efficient in al- 
ternator excitation because it is at its highest strength 
at the same time that the armature current is also 
strong and hence stiffens the field at the moment 
when the armature reaction become heavy. In other 
words, it compounds the machine not only through 
the gradual rise or fall of the virtual ampere load it 
may be carrying but through its sinuosities of alterna- 
tions also. The pulsating current, however, intro- 
duces a new loss into the machine namely, additional 
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hysterisis and eddy currents in the field magnets, due 
to the varying magnetic force which it impresses upon 
them. 

When a rectifier equipped alternator suffers a short 
circuit, especially an inductive short circuit, they are 
usually formidable. The shifting of the phase of the 
current throws upon the rectifier the duty of breaking 
the main line current, not at its zero value, but at a 
value approaching the maximum. Indeed, if the lag is 
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90 degrees, the maximum value of the current will 
obtain at the moment the brush passes from segment 
to segment. This the rectifier cannot do and a ring 
of fire surrounds it, causing the series coil to be prac- 
tically short-circuited and reducing the excitation. 
Hence it is very desirable that the rectifier should 
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not be required to work with the full main line cur- 
rent and to accomplish this several plans have been 
employed, with more or less success. One method is 
to place the shunt inside the alternator armature re- 
volving with it. In this way the shunt can be applied 
to the incoming instead .of the outgoing terminals of 
the rectifier, which will then only be required to com- 
mutate a portion of the main line current. This is 
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simple and effective, and in this case the shunt would 
carry alternating current while the series field would 
carry undirectional pulsating current. The connec- 
tion of this shunt is indicated in Figure 2, by the little 
zig-zag line within the rectifier. Another way of ac- 
complishing the same result and permitting more con- 
venient disposal and construction of the shunt is to 
equip the alternator with a third ring connected to 
the winding before it passes to the rectifier. It is plain 
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that by connecting between the brush on the ring and 
the brush and ring on the other side of the rectifier 
that the latter will be shunted on its A. C. side and 
will therefore be relieved of the duty of commutating 
the entire current. 

The use of the main line current for exciting pur- 
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poses is, however, unsatisfactory even with shunting, 
for a certain number of ampere turns are required for 
the work, and if the amperes are made small the 
turns must be many and the voltage applied thereto 
correspondingly high. The whole device entails a 
machine loss proportional to the A. C. voltage at the 
rectifier terminals, the main line current and the 
power factor of the rectifier circuit. To keep the 
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A. C. voltage and with it the loss, at a minimum, the 
current in the rectifier must be large. 

This necessity has been avoided in a very ingenious 
way in the type of alternator shown in Figure 3. 
Here the main line current is not carried to the recti- 
fier, but a series transformer is inserted in the main 
line circuit, the secondary terminals of which are led 
to the rectifier for exciting purposes. This trans- 
former can be shunted if desired for purposes of ac- 
curately setting the compounding. If the trans- 
former were external to the machine, two additional 
rings would be required to lead the current into the 
rectifier, though if it were made of the auto type 
whereby primary and secondary were connected to- 
gether at one terminal one ring would answer. In 
this case the other rectifier terminal could be had 
directly from one of the main line current rings. At 
least one company has built the transformer into the 
revolving armature, which does away with all extra 
rings, and to avoid extra weight they have utilized the 
spokes of the armature as the magnetic circuit of the 
transformer. This, of course, is not the best of mag- 
netic circuits, but is not the less desirable, for it pre- 
vents the secondary voltage from rising to as high a 
value on open circuit as it otherwise would and im- 
proves the action of the rectifier. 

In this way the necessary energy for series field 
excitation is raised in voltage and lowered in current 
value and the series fields of an alternator so equipped 
have more turns of smaller wire. The interposition 
of the transformer of limited dimensions makes it 
inadequate to transmit to the rectifier large amounts 
of destructive energy in case of short circuit. 



CHAPTER XV. 
Management of Induction Motors. 

The induction motor in its electrical behavior re- 
sembles a transformer : in its mechanical behavior it 
resembles an ordinary s-hunt direct current motor. 

If we were to open the rotor circuit of an induction 
motor, and to apply to the stator circuit the full volt- 
age at which it is normally intended to operate, a 
very small current would flow, corresponding to the 
leakage current of a transformer, for in this condi- 
tion the motor is nothing more or less than a trans- 
former with an open circuited secondary. The min- 
ute current, which, by the way is not as small as in 
the case of an ordinary transformer, is called the. 
magnetizing current. This is almost entirely a watt- 
less current, very naturally so because it flows in a 
circuit of many coils surrounded by iron which it 
magnetizes. As there is an air gap between the rotor 
and the stator, the magnetic flux does not flow with 
the almost perfect coefficient of mutual induction that 
takes place in a transformer. There are leakage lines, 
that is to say lines which link with the stator wind- 
ings but do not link with the rotor windings, and of 
these there is quite a perceptible percentage. The 
smaller the air gap between rotor and stator, the less 
this leakage eflPect will be, and the smaller will be the 
magnetizing current required to give the necessary 
flux of force. For that reason the clearance between 
rotor and stator, is in induction motors, made as 
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small as possible. This magnetizing current is in 
the stator circuit at all periods of operation. When 
the machine is fully loaded and the stator circuit 
carries working current as well, the working current 
combines with the magnetizing current forming a 
single resultant current which is the current taken 
by the machine. If the magnetizing current is large, 
its wattless character will, when combined . with the 
working current, produce a resultant current which 
has quite a perceptible lag, or power factor, and be- 
cause of this fact, it is very desirable to keep the 
magnetizing current as small as possible, as in that 
way the power factor of the machine will also be 
minimized. 

If now we close the rotor circuit through a resist- 
ance, currents will flow in the same by induction in 
precisely the same way that they would flow if an 
ordinary transformer secondary was closed through 
a resistance, the primary being suitably excited. Ad- 
ditional current will at once flow in the primary to 
make up for the demagnetizing action of the secon- 
dary according to the transformer law, which has 
been studied in previous chapters. The secondary, 
however being free to move, will do so and cause 
the rotor to revolve according to the laws of the in- 
duction motor. As the rotor revolves, the secondary 
coils strive to reach such a position with reference to 
the primary coils that they will no longer react upon 
it, and to a large extent they succeed in doing this, 
and as a natural result the stator current diminishes. 
If the motor should attain synchronous speed, that is 
to say if the rotor should travel as fast as the re- 
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volving field, the stator current would drop off until 
it reached the original magnetizing value first spoken 
of in this discussion, in fact we may consider that 
an induction motor rotating at synchronous speed 
behaves exactly like a transformer with an open cir- 
cuited secondary and a somewhat poor magnetic 
circuit, poor because of the air gap which it contains. 

It will, of course, be appreciated that it is impos- 
sible, without extraneous sources of power, for the 
rotor to attain synchronous speed. There is a certain 
percentage of slip which has been discussed in pre- 
vious chapters. 

We will suppose that the induction motor is now 
equipped with a closed circuit rotor winding, and 
that voltage be suddenly applied to the stator coils. 
The result will be almost exactly the same as if we put 
the primary current on a transformer with a short 
circuited secondary. A very large stator current will 
flow and the rotor currents will also be very large. 
They will react heavily on the stator by reason of 
their magnitude and displaced phase, and almost 
destroy the magnetic effect generated by the mag- 
netizing component of the stator current. The 
rotor will have only a very small torque. If it is 
free to turn, it will undoubtedly start and will 
rapidly come to a condition of full speed at light 
load, when the rotor currents will reduce to a very 
reasonable value, and the stator currents also. 

Mechanically the machine will behave exactly like 
a shunt motor which has been abruptly connected to 
line, field and armature at once. In this familiar case 
the armature by reason of its low resistance, takes 
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so much current that it reacts heavily against the 
field and reduces the torque. The current taken 
from the line is abnormal, but presently the armature 
rising to speed, mitigates the conditions and the ma- 
chine runs freely on light load. In short, with an 
induction motor we must treat it like a shunt motor. 
We must give it first its field, and then its armature. 
The ideal method is therefore to open the rotor cir- 
cuit into a resistance, when the motor will get its 
magnetizing current and start with a good torque, 
and having once gotten up speed, the rotor circuit is 
closed, the process being somewhat analogous to the 
gradual cutting out of resistance in the armature 
circuit of a shunt motor. In some induction motors 
the rotor circuit is open and brought down to rings 
on the shafting, and from brushes on these rings 
wires are run to a suitable adjustable resistance, 
which being gradually cut out, starts the motor with 
good torque and without taking too much current 
from the line. As soon as the motor has reached 
working speed, the rings are short circuited on to 
one another. This is a very satisfactory arrangement 
but owing to the fact that an induction motor can be 
run without any brushes or rubbing contacts what- 
ever, and owing to the fact also that rubbing con- 
tacts are a complication and have had an unfortunate 
history in electrical work, it is considered desirable to 
have a motor which has no rubbing contacts. Con- 
sequently induction motors have been built to accom- 
plish this. One very satisfactory form contains 
the starting resistance "vvithin the rotor. As the latter 
revolves and attains speed, a sliding collar manipu- 
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lated by a lever short circuits this resistance, thus 
making the motor the analogue of a shunt motor 
having a starting box with only one notch. Even 
this, however, is a complication, and induction motors 
are built with very large squirrel cage windings 
which are permanently short circuited on each other, 
and motors such as this are often built in very large 
sizes. 

Taking again the case of the direct current shunt 
motor, it could be started from line without abnor- 
mal current by simply placing a resistance in series 
with it and gradually cutting the latter out, and this 
could be done even if the field of the shunt motor 
were connected directly to the brushes. It would 
not have good torque on starting, but it could be 
brought up to speed without drawing too much cur- 
rent from the line. Similarly the induction motor 
with a closed circuit secondary, can be started from 
the line without drawing abnormal current, by the 
application of a lesser voltage than the working volt- 
age, and after it has gained speed, full line voltage 
can be applied. Where the starting duty is not great, 
this is an arrangement that is much used, the reduced 
line voltage being arranged for by means of an auto- 
transformer. This is usually connected as in Fig. i. 
On starting, a switch is thrown, as shown in Fig. i, 
thereby applying the reduced voltage of the auto- 
transformer to the motor. When the motor has gained 
speed the switch is thrown to the right, thereby cut- 
ting out the auto-transformer and applying the line 
voltage directly to the motor. In factories where the 
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motor starts only with the Hne shafting, and the load 
comes on subsequently, this is a very satisfactory ar- 
rangement, and is much employed. For elevator work 
where the starting torque is very severe, the device 
of opening the secondary and employing an adjust- 
able resistance is always used. 

It will thus be seen that the induction motor re- 
sembling the shunt motor as it does, is not well 
suited for railway work, and for hoisting where the 
starting torque is very large. 

Another method of starting an induction motor 
with a good torque is by lowering the frequency. 
With a reduced frequency a reduced speed does not 
represent as great a slip. Synchronous speed is not 
such a great percentage away, and the motor behaves 
proportionately better. It is of course not possible 
to reduce the frequency received from the line, but it 
is possible, with two induction motors to take advan- 
tage of this phenomenon. 

We have seen that an induction motor when re- 
ceiving currents in its stator generates alternating 
currents in the rotor. If the rotor be at 
synchronous speed, the alternating currents gener- 
ated therein are zero. If there is a slight slip, the 
alternating currents generated in the rotor have a 
frequency which is proportional to the initial fre- 
quency and to the slip. Thus if a motor were being 
operated at 60 cycles and had a slip of 10 per cent., 
the frequency of the currents in the rotor would 
only be 6 cycles. If these rotor currents of reduced 
frequency were led away by slip rings to the stator of 
another induction motor, that motor would start with 
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a gcxxi torque because its synchronous speed would 
only be one-tenth of its synchronous speed if excited 
direct from che line. This arrangement shown in 
Fig. 2 is called operating induction motors in cas- 
cade, and is a very good method of starting two in- 
duction motors. The first motor has a resistance, 
namely that of the secondary stator in series with its 
rotor, and therefore starts with a good torque. The 
second motor receives its currents at a reduced fre- 
quency, and therefore also starts with a good torque. 
This method is almost always employed in cases 
where induction motors are applied to railway work. 

Induction motors for hoisting loads of heavy start- 
ing torque are objectionable, not only because of their 
inferior performance under such conditions but be- 
cause of the heavy wattless currents that they draw 
from the line in the process of starting, reacting heav- 
ily upon the generators dipping the line voltage, and 
uselessly occupying the machines of the generating 
station. Until these objections are done away with, 
it is doubtful if the induction motors will find any 
wide application in such cases, any more than the 
shunt motor would be suitable for work of this kind. 

If the induction motor be driven at a speed ex- 
ceeding synchronism, and be connected to an alter- 
nating current line, it will become a generator and 
will deliver current to the line. It cannot do this 
unless it is connected to a line which is also supplied 
by machines of the synchronous type, because it can- 
not generate its own magnetizing current. 

Let us suppose that we have a line which is sup- 
plied by an ordinary two phase alternator, and which 
supplies lights, induction motors and synchronous 
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motors. If we drive one of the induction motors by 
power at a speed above synchronism, it will contrib- 
ute current to the line at proper frequency, and it 
does not require to be synchronized with the line, as 
is the case with an ordinary generator. The ordinary 
alternator could then be shut down, and the induc- 
tion-generator would still continue to feed the line. 
If, however, the synchronous motors were shut down 
leaving nothing but induction motors and lamps on 
the line, the electrical energy would disappear from 
the system. 

The reason for this is that the induction generator 
cannot generate its own magnetizing current, but 
must receive a reaction from the line which will per- 
mit the magnetizing current of displaced phase to 
flow in its fields. When operating as an induction 
generator, this magnetizing current must be a lead- 
mg current. A synchronous motor provides such a 
current. If thainduction generator be coupled into a 
line, its output is delivered to the line at a slight lag 
from the line current. The line is therefore able to 
supply the necessary leading component for magneti- 
zation. 

The rotor circuit of an induction motor or gener- 
ator simply needs to be a closed circuit winding. A 
solid cylinder of copper would revolve and give a 
torque, but it can be readily understood that the cur- 
rents induced in such a cylinder would not flow on 
its surface in proper directions to give maximum 
results. To do this the currents must flow in bands 
parallel to the shaft, and consequently the machine 
should be wound so that the currents will be led in 
such directions. When it is desired to lead' the 
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current off to rings, the winding must be symmetrica 
winding, quite similar to the stator winding so a 
to separate the currents of different phases to thei 
proper rings. When the machine is, however, alway 
operating with a short circuited rotor winding, . 
plain series of parallel conductors joined together a 
the ends with rings in a squirrel cage fashion, wil 
answer all purposes. Induction motors are suitabl 
in almost every case, where a direct current shun 
motor would answer if the system were a direct cur 
rent system, that is to say in places where they ar 
to operate at full speed and with a reasonable loa' 
and are only started occasionally. Where there i 
much starting and stopping they are not suitable. 

In the case of large machines it is almost alway 
better to use a synchronous motor, provided th 
machine can have attention, that is to say it is bette 
for the power house. The user can get as good satis 
faction, in fact better satisfaction out of an inductio 
motor because it is less trouble, but the synchronou 
motor having a power factor which can be mad 
unity, or even arranged to compensate for th 
power factors or other devices on the line, is ver 
desirable from a station man's standpoint, because 
reheves his machines of much idle current which o( 
cupies their capacity and is detrimental to their regi 
lation. 

The induction motor sometimes affords a ver 
pretty illustration of this idle, or wattless, currer 
phenomenon, especially when used in elevator wor 
with an over-counterweighted car. With the a 
over-counterweighted, it will rise of itself and driv 
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the induction motor after it is once started. If a 
voltmeter, ammeter, or wattmeter be connected with 
such a motor, it will be found that after the car has 
once started, both voltmeter and ammeter will indi- 
cate, while a wattmeter shows zero reading. The 
current shown by the ammeter is the magnetizing 
current and is practically wattless. This magnetiz- 
ing current flows in the line and in the generator at 
the power house. It does no useful work, it reacts 
on the power house machines, making it more diffi- 
cult for them to maintain their voltage, and occupies 
much of their capacity. Therefore it can be 
readily seen that it is a decided inconvenience to the 
central station man, and for that reason is to be 
avoided. 
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Lob's Electrolysis and Electrosynthesis of Organic Compounds. (Lorenz.). zamo, z 00 
Lodge's Notes on Assaying and Metallurgical Laboratory Experiments. .. .Svo, 3 00 

Ltmge*s Techno-chemical Analysis. (Cohn.) zamo, z 00 

Mandel's Handbook for Bio-chemical Laboratory zazno, z 50 

* Martin's Laboratory Guide to Qualitative Analjrsis with the Blowpipe . . zamo, 60 
Mason's Water-supply. (Considered Principally from a Sanitary Standpoint.) 

3d Edition, Rewritten Svo, 4 00 

Examination of Water. (Chemical and BacteriologicaL) zamo, z as 

Matthew's The Textile Fibres Svo, 3 S© 

Meyer's Determination of Radicles in Carbon Compotmds. (Tingle.). . lamo, z 00 

MiUer's Manual of Assaying zamo, z 00 

Mixter's Elementary Text-book of Chemistry. zamo, z 50 

Morgan's Outline of Theory of Solution and its Results zamo, z 00 

Elements of Ph3rsical Chemistry zamo, a 00 

Morse's Calculations used in Cane-sugar Factories i6mo, morocco, z 50 

Mulliken's General Method for the Identification of Pure Organic Compounds. 

Vol. I Large Svo, 5 00 

O'Brine's Laboratory Guide in Chemical Analysis Svo, a oo 

O'Driscoll's Notes on the Treatment of Gold Ores Svo, a 00 

Ostwald's Conversations on Chemistry. Part One. (Ramsey.) zamo, z 5<» 

Ostwald's Conversations on Chemistry. Part Two. (Turnbull.). (In Press.) 

* Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

Svo, paper, 50 

Pictet's The Alkaloids and their Chemical Constitution. (Biddle.) Svo, 5 00 

Pinner's Introduction to Organic Chemistry. (Austen.) zamo, z 50 

Poole's Calorific Power of Fuels Svo, 3 o« 

Prescott and Winslow's Elements of Water Bacteriology, with Special Refer- 
ence to Sflnitary Water Analysis zamo, z as 

4 



* Reisig's Guide to Piece-dyeing. . . , 8vo, 25 00 

Richards and Woodman's Air, Water, and Food from a Sanitary Standpoint 8vo, 2 00 

Richards's Cost of Living as Modified by Sanitary Science i2mo, i 00 

Cost of Food, a Study in Dietaries i2mo, i 00 

* Richards and Williams's The Dietary Computer 8vo, i 50 

Ricketts and Russell's Skeleton Notes upon inorganic Chemistry. (Part I. 

Non-metallic Elements.) 8vo, morocco, 75 

Ricketts and Miller's Notes on Assaying. 8vo, 3 00 

Rideal's Sewage and the Bacterial Purification of Sewage 8vo, 3 50 

Disinfection and the Preservation of Food 8vo, 4 00 

Rigg's Elementary Manual for the Chemical Laboratory 8vo, i 25 

Rostoski's Serum Diagnosis. (Bolduan.) i2mo, i 00 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 .00 

Sabin's Industrial and Artistic Technology of Paints and Varnish. 8vo, 3 oe 

Salkowski's Physiological and Pathological Chemistry. (Omdorff.) 8vo, 2 50 

Schimpf's Text-book of Volumetric Analysis i2mo, 2 50 

Essentials of Volumetric Analysis i2mo, i 25 

Spencer's Handbook for Chemists of Beet-sugar Houses i6mo, morocco, 3 00 

Handbook for Sugar Manufacturers and their Chemists . . i6mo, morocco, 2 00 

Stockbridge's Rocks and Soils 8vo, 2 50 

* Tillman's Elementary Lessons in Heat 8vo, i 50 

* Descriptive General Chemistry 8vo, 3 00 

Treadwell's Qualitative Analysis. <HalL) 8vo, 3 00 

Quantitative Analysis. (Hall.) 8vo, 4 00 

Tumeaure and Russell's Public Water-supplies 8vo, 5 00 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) i2mo, i 50 

* Walke's Lectures on Explosives 8vo, 4 00 

Washington's Manual of the Chemical Analysis of Rocks 8vo, 2 00 

Wassermann's Immune Sera; Hsemolysins, C3rtotoxins, and Precipitins. (Bol- 
duan.) i2mo, I 00 

Well's Laboratory Guide in Qualitative Chemical Analysis 8vo, i 50 

Short Course in Inorganic Qualitative Chemical Anal3rsis for Engineering 

Students. i2mo, i 50 

Text-book of Chemical Arithmetic. (In press.) 

Whipple's Microscopy of Drinking-water 8vo, 3 50 

Wilson's Cyanide Processes i2mo, i 50 

Chlorination Process i2mo, i 50 

WulHng's Elementary Course in Inorganic, Pharmaceutical, and Medical 

Chemistry. i2mo, 2 00 

CIVIL ENGINEERING. ^ 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEERING. 

RAILWAY ENGINEERING. 

Baker's Engineers' Survejring Instruments i2mo, 3 00 

Bixby's Graphical Computing Table Paper 194^X24! inches. 25 

** Burr's Ancient and Modem Engineering and the Isthmian CanaL (Postage, 

27 cents additional.) 8vo, 3 50 

Comstock's Field Astronomy for Engineers 8vo, 2 50 

Davis's Elevation and Stadia Tables 8vo, i 00 

Elliott's Engineering for Land Drainage i2mo, i 50 

Practical Farm Drainage i2mo, i 00 

Flebeger's Treatise on Civil Engineering. (In press.) 

Folwell's Sewerage. (Designing and Maintenance.) 8vo, 3 oe 

Freitag's Architectural Engineering. 2d Edition, Rewritten 8vo, 3 50 

French and Ives's Stereotomy 8vo, 2 50 

Goodhue's Municipal Improvements. i2mo, i 75 

Goodrich's Economic Disposal of Towns' Refuse 8vo, 3 50 

Gore's Elements of Geodesy 8vo, 2 50 

Hayford's Text-book of Geodetic Astronomy Aj^^v "^ 'aK* 

Bering's Ready Reference Tables (Conversion "Factoii) xtjima,Tasjx^«i^» **> "^^^ 
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lUining Walls (or E»rth. . , .?^.V.?^■■^ff^^^^^HW 

Johnson's (J. B.) Theory and Practiee of Sumylnc. SnuD 

Johnson's (L. J.) SUUcs by Algebraic »iid Gr«phic Methods. 

XaplBce'B Phibsophical Essay on Probsbilities. (Truseoltond Emory.). i. 

Msifln's TreatiH on Civil EngiaeHinB, (1873.) (Wood.) Bvo, 

■ Descriptive Geometry. -.-.,.-.. -.-.-. -...-,.-.,, 

Uerrimui's Elements of Precise Surreying; and Geodnj. 

ElomeotB of Sanitary EngineerinB- 



Ogdon'a Sewer Design umo, 

Patton's TreatiEe on Civil Enaiseerins Sro haK Intber. 

Reed's Topographical Sraving and Sketching 4(0. 

Kldeal's Sewage and the BBcIerkl Purlflcation of Sewat.e. Bvo 

Sieberi and Biggin's Modem Sione-ciLttine and Masonrj-. Bvo 

Smith's Manual of Topographical Diawing. (McMillan.) ,...8co. 

Sondetlcker's Graphic SUtics, witll Applications to Trusses, Beams, and Arches. 

Taylor and Thompson's Treadee on Concrete. Plain and Reinforced Svo, 

st-book. i6mo, morocco 



Shee 



Law of Contracts. 

"Warren's Stereotomy— Problems In Stone-cuHiDg 

Webb's Problems in the Dse and AdJuBtment of Engineering Instruments. 

■ Wheeler s Elementary Course of Civil EngioMriDg. 

Wilson's Tojographic Surveying.. , 

BRIDGES AND BOOFS. 

EoUer's Practical Treatise on the Constitiction of Iron Highway Bridges. 






Burr and Falk's Influence Lines tor Bridge and Roof Computations . . Bvo 

Du Bois's Mechanics of Engineering. Vol- II -..-.-,,,.- .Small 4to. 

Foster's Treatise on Wooden Trestle Bridges 410 

Powler'3 Ordinary Foundations Bvo, 

Greene's Roof Trusses Bvo, 

Arches in Wood, Iron, and StouB Bvo 

Bowe'fl Treatise on Arches. Bvo 

Design of Simple Roof-Irussei in Wood and SteeL Sro, 

Johnson, Bryan, and Tumeaure's Theory and Practice in the Designing of 

Modern Framed StmctureB. . , Small 4I0, id 

Pan I. Stresses In Simple Truss ee 

Partn. Graphic Statics 

Part m. Bridge Design 

Part IV. Higher Structures 

Borlson'9 JUeniphls Bridie ._ 

Waddell'sDePon^buE. a Pocket-book for Bridge Engineers. .i6mD.nior 

Specifications for Steel Bridges i 

'Wood's Treatise on the Theory of Ibe ConsIrucUon of Bridges and Roofs . 
tViigbt's Deaignlng of Draw-spans: 

Pan L Plato-girder Draws 

Part n. fiiveled-lruBS and Pio-conM«e4LDI«-8Var'11r"« 

ae volume ■*"'• *^ 



n the Contractlan of the LIqniil Vela I> 



so Orifice. (Trautwine.). 

Bovey's TreatiM on Hydraulics. Sn, 

Church*B Hechanicfl of EDclneeTinjE. 

DiBKrama of Hem VEloclty o( VntM in Open 
Coffin's Graphical Solution of Hydraulic Problems. 
Flatter's Dynamo meters, and the Measurement of 

FolweU's Water-supply Engineericg 

FriEell's Water-power. 

Fueiies's Water and Public Health 



r's General Formula for the Uniform Ftov of Wa 

Rivers and Other Channels. (Bering and Trau doe.) 

s Rltration of Public Water-supply. 

el's lis Eiperiments on the Carrying Capacity of Large, Siveted, Melal 

Conduits 8vo, 

s Water-supply. (Cansideied Principallr from a SanitaiT Standpoint.) 
Sto, 
uin'a Treatise on Hydraulics Si 



Tumeaure and Russell's PubUc Wati 

Wegmann'fl DesigQ and Constructioi 

Water-supply of the City of !tei 

Wilson's Irrigalioa Engiueeriag 



MATERIALS OF EnGUTEERIlIG. 

Baker's Treatise on Uasoniy Construction Sti 

Roads and Payements Svt 

Black's Coiled States Public Works ObloaB4li 

Bovey's Slreugth of Materials and Tbeorr of Structures 8vo. 

Bun's Elasticity and Resistance of ttie Ualeriala of Gngineering 

Byrne's Highway Conatruction 8to, 



Du Bois's Mechanics of Engineering. VoL I Small 4IC 

Johnson's Materials of Constructloa. Large Svc 

Fowler's Ordinary Foundations Svt 

Lania's Applied Mechanics Bvc 

Marten's Handbook on Testing Materials. (Hanning.) 1 vols 8vi 

Merrill's Stones for Building and Decoration Bv 

Merriioan'B Teit-book on the Mechanics of Materials 8v 

Strength of Materials 12m 

MetcaJf's SteeL A Manual for Sleel-users iim 

Patton'B Practical TreaUse on Foundations. .Si 

Richardson's Modern Asphalt Pavements 81 

Rockwell's Roads and Pavements in France .1.10 
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eabin't inaustrial and Artistic Technology of Paints and Varnish. 8vo, 

Smith's Materials .of Machines i2mo, 

Sbow's Principal Species of Wood. 8vo, 

Spalding's Hydraulic Cement i2mo. 

Text-book on Roads and Pavements z2mo, 

Taylor and Thompson's Treatise on Concrete, Plain and Reinforced. 8yo/ 

Thurston's Materials of Engineering. 3 Parts 8yo, 

Part I. Non-metallic Materials of Engineering and Metallurgy 8vo, 

Part n. Iron and Steel. 8vo, 

Part m. A Treatise on Brasses, Bronzes, and Other Alloys and tiieir 

Constituents 8vo, 

Thurston's Text-book of the Materials of Construction. 8vo, 

Tillson's Street Pavements and Paving Materials 8vo, 

Waddell's De Pontibus. ( * Pocket-book for Bridge Engineers.) . . z6mo, mor.. 

Specifications for Stc 1 Bridges i2mo. 

Wood's (De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber Svo, 

Wood's (De V.) Elements of Analytical Mechanics Svo, 

Wood's (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

SteeL Svo, 4 00 

RAILWAY EJTGmEERING. 

Andrew's Handbook for Street Railway Engineers 3x5 inches, moroccr ' 

Berg's Buildings and Structures of American Railroads 410, 5 00 

Brook's Handbook of Street Railroad Location. z6mo, morocco, z 50 

Butt's Civil Engineer's Field-book z6mo, morocco, 2 50 

Crandall's Transition Curve i6mo, morocco, i 50 

Railway and Other Earthwork Tables Svo, i 50 

Dawson's '^Engineering" and Electric Traction Pocket-book. . i6mo, morocco, 5 00 

Dredge's History of the Pennsylvania Railroad: (1879) Paper, 5 00 

^ Drinker's Tunnelling, Explosive Compounds, and Rock Drills. 4to, half mor., 25 00 

Fisher's Table of Cubic Yards Cardboard, 25 

Crodwin's Raibroad Engineers' Field-book and Explorers' Guide. . . i6mo, mor., 2 50 

Howard's Transition Curve Field-book i6mo, morocco, i 50 

Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments Svo, I 00 

Molitor and Beard's Manual for Resident Engineers i6mo, i 00 

Ilagle's Field Manual for Railroad Engineers i6mo, morocco, 3 00 

Fhilbrick's Field Manual for Engineers i6mo, morocco, 3 00 

Searles's Field Engineering i6mo, morocco, 3 00 

Raibroad Spiral. i6mo, morocco, i 50 

Taylor's Prismoidal Formulae and Earthwork Svo, i 50 

♦ Trautwine's Method of Calculating the Cube Contents of Excavations and 

Embankments by the Aid of Diagrams Svo, 2 00 

The Field Practice of Lajring Out Circular Curves for Raibroads. 

i2mo, morocco, 2 50 

Cross-section Sheet Paper, 25 

Webb's Railroad Construction i6mo, morocco, s 00 

Wellington's Economic Theory of the Location of Railways. Small Svo, 5 00 

DRAWING, 

Barr's Kinematics of Machinery Svo, 

♦ Bartlett's Mechanical Drawing Svo, 

♦ " " " AbridgedEd. Svo, 

CSooUdge's Manual of Drawing Svo, paper 

"Soofidge and Freeman's Elements of General Drafting for Mechanical Engi- 
neers. Oblong 4to, 2 

Utsy's Kinematics of Machines Svo, 4 

Kb'i Latroduction to ProjectiYe Geometry and lt& ke\)')ica.\voT& .%^q« a «k«^ 
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Jamison's Elements of Mechanical Drawing , 8vo, 2 5* 

Jones's Machine Design: 

Part I. Kinematics of Machinery 8vo, z 50 

Part n. Form, Strength, and Proportions of Parts. 8vo, 3 00 

MacCord's Elements of Descriptive Geometry. Svo, 3 00 

Kinematics; or. Practical Mechanism 8vo, 5 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams Svo, i 50 

* Mahan's Descriptive Geometry and Stone-cuttiag. Svo, i 50 

Industrial Drawing. (Thompson.) Svo, 3 50 

Moyer's Descriptive Geometry.. Svo, 2 00 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Reid's Course in Mechanical Drawing Svo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. Svo, 3 00 

Robinson's Principles of Mechanism Svo, 3 00 

Schwamb and Merrill's Elements of Mechanism Svo, 3 00 

Smith's Manual of Topographical Drawing. (McMillan.). . .■ Svo, 2 50 

Warren's Elements ef Plane and Solid Free-hand Geometrical Drawing. I amo, i 00 

Drafting Instruments and Operations i2mo;^ z 25 

Manual of Elementary Projection Drawing z2mo, z 5* 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow z2mo, z 00 

' ^ Mhfi Problems in Elementary Geometry z2mo, z 25 

Priniary Geometry z2mo, 75 

Elements of Descriptive Geometry, Shadows, and Perspective Svo, 3 50 

Generttl Problems of Shades and Shadows Svo, 3 00 

Elements of Machine Construction and Drawing Svo, 7 50 

Problems, Theorems, and Examples in Descriptive Geometry Svo, 2 50 

Weisbach's Kinematics and Power of Transmission. (Hermann and Klein)Svo, 5 00 

Whelpley's Practical Instruction in the Ait of Letter Engraving i2mo, 2 00 

Wilson's (H. M.) Topographic Surveying Svo, 3 50 

Wilson's (V. T.) Free-hand Perspective Svo, 2 50 

Wilson's (V. T.) Free-hand Lettering Svo, z 00 

WoolTs Elementary Course in Descriptive Geometry. Large Svo, 3 00 



* 



ELECTRICITY. AND PHYSICS. 

Anthony and Brackett's Text-book of Phirsics. (Magie.) Small Svo, 3 oa 

Anthony's Lecture-notes on the Theory of Electrical Measurements. . . . Z2mo, z 00 

Benjamin's History of Electricity Svo, 3 00 

Voltaic Cell. Svo, 3 00 

Classen's Quantitative Chemical Analysis by Electrolysis. (Boltwood.).Svo, 3 oa 

Crehore and Squier's Polarizing Photo-chronograph Svo, 3 oo 

Dawson's "Engineering" and Electric Traction Pocket-book. z6mo, morocco, 5 00 
Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Ende.) z2mo, a 50 

Duhem's Thermodsmamics and Chemistry. (Burgess.) Svo, 4 00 

Flather's Dynamometers, and the Measurement of Power z2mo, 3 00 

Gilbert's De Magnete. (Mottelay.) Svo, a 50 

Hanchett's Alternating Currents Explained z2mo, z 00 

Hering's Ready Reference Tables (Conversion Factors) z6mo, morocco, 2 50 

Holman's Precision of Measurements Svo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests. .. .Large Svo, 75 

Kinzbrunner's Testing of Continuous-Current Machines Svo, 2 oo 

Landauer's Spectrum Analysis. (Tingle.) Svo, 3 oa 

Le Chatelien's High-temperature Measurements. (Boudouard — Burgess.) zamo , ^ ocv 
VSb's Electrolysis and Electrosynthe^s of Otgamc Coixi^oasjv^. V^atvdx.^ vixcss^ ^ ^ ^»k 

9 



'^^ Lyons's Treatise on Electromagnetic Phenomena. Vols. I. and n. 8vo, each, 6 

* Ifichie's Elements of Wave Motion Relatinir to Sound and Light 8vo, 4 

Kiaudef s Elementary-Treatise on Electric Batteries. (Fishback.) zamo, 2 

* Rosenberg's Electrical Engineering. (Haldane Gee — Kinzbrunner.). . .8vo, i 

Ryan, Norris, and Hozie's Electrical Machinery. Vol. L 8to, 2 

Thurston's Stationary Steam-engines 8vo, a 

* Tillman's Elementary Lessons in Heat 8vo, i 

Tory and Pitcher's Manual of Laboratory Physics Small 8vo, 2 

Hike's Modem Electrolytic Copper Refining 8vo, 3 

LAW. 

* Davis's Elements of Law 8vo, 2 

* Treatise on the Military Law of United States. 8vo, 7 

* Sheep, 7 

Manual for Courts-martiaL z6mo, morocco, z 

Waifs Engineering and Architectural Jurisprudence 8vo, 6 

Sheep, 6 
Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, 5 

Sheep, 5 

Law of Contracts 8vo, 3 

Winthrop's Abridgment of Military Law Z2mo, 2 

MAinXFACTURES. 

Bemadou's Smokeless Powder — Nitro-cellulose and Theory of the Cellulose 

Molecule Z2mo, 2 

BoUand's Iron Founder. Z2mo, 2 

•' The Iron Founder," Supplement zamo, 2 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 

Practice of Moulding , z2mo, 3 

Eissler's Modem High Explosives Svo, 4 

Effront's Enzymes and their Applications. (Prescott.) Svo, 3 

Fitzgerald's Boston Machinist z2mo, z 

Ford's Boiler Making for Boiler Makers. z8mo, z 

Hopkin's Oil-chemists' Handbook 4 Svo, 3 

Keep's Cast Iron Svo, 2 

Leach's The Inspection and Anal3rsis of Food with Special Reference to State 

Control. Large Svo, 7 50 

Matthews's The Textile Fibres Svo, 3 50 

Metcalf's Steel. A Manual for Steel-users : . . . z2mo, 2 00 

Metcalfe's Cost of Manufactures — And the Administration of Workshops. Svo, s 00 

Meyer's Modern Locomotive Construction 4to, zo 00 

Morse's Calculations used in Cane-sugar Factories z6mo, morocco, z 50 

* Reisig's Guide to Piece-dyeing Svo, 25 00 

^bin's Industrial and Artistic Technology of Paints and Varnish Svo, 3 00 

Smith's Press-working of Metals Svo, 3 00 

-Spalding's Hydraulic Cement z2mo, 2 00 

Spencer's Handbook for Chemists of Beet-sugar Houses. . . . z6mo, morocco, 3 00 

Handbook for Sugar Manufacturers and their Chemists. . z6mo, morocco, u 00 

Tiaylor and Thompson's Treatise on Concrete, Plain and Reinforced Svo, 5 00 

^n^urston's Manual of Steam-boilers, their Designs, Construction and Opera- 
tion. Svo, 5 00 

^ Walke's Lectures on Explosives Svo, 4 00 

^mre*a Manufacture of Sugar. (In press.) 

•'a American Foundry Practice z2mo, 2 50 

MaaUeifB Tat'hook, * ,...............i2mo, 2 50 
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Wolffs Windmill as a Prime Mover w«w» o ww 

Wood's Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. .8vo,. 4 00 



MATHEMATICS* 

Baker's Elliptic Functions 8vo, z 50 

* Bass's Elements of Differential Calculus lamo, 4 oo 

Biiggs's Elements of Plane Analytic Geometry lamo, ifoo 

C«mpton*s Manual of Logarithmic Computations lamo, i 50 

Davis's Introduction to the Logic of Algebra 8vo, z 50 

* Dickson's College Algebra Large i2mo, z 50 

* Introduction to the Theory of Algebraic Equations. ■ Large zamo, z 25 

Emch's Introduction to Projective Geometry and its Applications Svo, 2 50 

■alsted's Elements of Geometry « 8vo, z 75 

Elementary Synthetic Geometry 8vo, z 50 

Rational Geometry z2mo, z 7S 

'('^Johnson's (J. B.) Three-place Logarithmic Tables: Vest-pocket size. paper, z5 

zoo copies for 5 00 

* Motmted on heavy cardboard, 8 X zo inches, 25 

zo copies for 2 oe 

Johnson's (W. W.) Elementary Treatise on Differential Calculus. .Smah 8vo, ^ 00 

Johzison's (W. W.) Elementary Treatise on the Integral Calculus. Small 8vo, z 50 

Johnson's (W. W.) Curve Tracing in Cartesian Co-ordinates z2mo, z 00 

Johnson's (W. W.) Treatise on Ordinary and Partial Differential Equations. 

Small 8vo, 3 50 

Johnson's (W. W.) Theory of Errors and the Method of Least Squares. z2mo, z 50 

* Johnson's (W. W.) Theoretical Mechanics Z2mo, 3 00 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) . z2mo, 2 00 
^ Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 3 00 

Trigonometry and Tables published separately Each, 2 00 

* X^udlow's Logarithmic and Trigonometric Tables 8vo, z 00 

Ifaurer's Technical Mechanics 8* . , 4 00 

Herriman and Woodward's Higher Mathematics. .. • «• 8vo, 5 00 

Herriman's Method of Least Squares 8vo, 2 00 

Rice and Johnson's Elementary Treatise on the Differential Calculus. . Sm. 8vo, 3 00 

Differential and Integral Calculus. 2 vols, in one Small 8vo, 2 50 

Wood's Elements of Co-ordinate Geometry • , 8vo, 2 00 

Trigonometry: Analytical, Plane, and Spherical z2mo, z 00 



MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Bacon's Forge Practice z2mo, 

Baldwin's Steam Heating for Buildings i2mo, 

Barr's Elinematics of Machinery. 8vo, 

* Bartlett's Mechanical Drawing 8vo, 

* " " " Abridged Ed 8vo, 

Benjamin's Wrinkles and Recipes z2mo, 

Carpenter's Experimental Engineering 8vo, 

Heating and Ventilating Buildings 8vo, 

Cary's Smoke Suppression in Plants using Bituminous Coal. (In Prepara- 
tion.) 

Clerk's Gas and Oil Engine Small 8vo, 

Coolidge's Manual of Drawing 8vo, paper, 

CooUdge and Freeman's Elements of General Drafting for Mechanical En- 
gineers. ..«,,,,,,,,,•. «.,«,,. .O\»^ss'0^ a^^N **• "^^ 
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^/Admwell's Treatise on Toothed Gearing zamo, z 50 

Treatise on Belts and Pulleys. lamo, i 50 

Barley's Kinematics of Machines 8to, 4 eo 

Flather's Dsmamometers and the Measurement of Power. lamo, 3 00 

"^ Rope Driving lamo, a 00 

GUI's Gas and Fuel Analysis for Engineers lamo, z 25 

Hall's Car Lubrication lamo, i 00 

Bering's Ready Reference Tables (Conversion Factors) z6mo, morocco, a 50 

Button's The Gas Engine 8vo, 5 00 

Jamison's Mechanical Drawing 8vo, a 59 

Jones's Machine Design: 

Part L Kinematics of Machinery. Svo, z $• 

Part n. Form, Strength, and Proportions of Parts Svo, 3 00 

Kent's Mechanical Engineers' Pocket-book. z6mo, morocco, 5 oo 

Kerr's Power and Power Transmission Svo, 2 00 

Leonard's Machine Shop, Tools, and Methods. (In press.) 

Lorenz's Modem Refrigerating Machinery. (Pope, Haven, and Dean.) (In press.) 

MacCord's Kinematics; or, Practical Mechanism. Svo, 5 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams Svo, 1 50 

Mahan's Industrial Drawing. (Thompson.) Svo, 3 50 

Pooled Calorific Power of Fuels Svo, 3 00 

Reid's Course in Mechanical Drawing Svo, a oe 

Text-book of Mechanical Drawing and Elementary Machine Design. Svo, 3 00 

Richard's Compressed Air lamo, i 50 

Robinson's Principles of Mechanism Svo, 3 00 

Schwamb and Merrill's Elements of Mechanism. Svo, 3 00 

Smith's Press-working of Metals Svo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work Svo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics . lamo, i 00 

Warren's Elements of Machine Construction and Drawing Svo, 7 50 

Weisbach's Kinematics and the Power of Transmission. (Herrmann — 

Klein.) Svo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.). .Svo, 5 00 

Wol£f's Windmill as a Prime Mover Svo, 3 eo 

Wood's Turbines. Svo, 2 50 



MATERIALS OF ENGINEERING. 

Bovey's Strength of Materials and Theory of Structures Svo« 7 50 

Burr's Elasticity and Resistance of the Materials of Engineering. 6th Edition. 

Reset Svo, 

Church's Mechanics of Engineering Svo, 

Johnson's Materials of Construction Svo, 

Keep's Cast Iron Svo, 

Lanza's Applied Mechanics Svo, 

Kartens's Handbook on Testing Materials. (Henning.) Svo, 

lierriman's Text-book on the Mechanics of Materials Svo, 

Strength of Materials lamo, 

MBtcalf's Steel. A manual for Steel-users i2mo, 

MUn's Industrial and Artistic Technology of Paints and Varnish Svo, 

Smith's Materials of Machines i2mo, 

tSmrston's Materials of Engineering 3 vols., Svo, 

Part n. Iron and Steel. Svo, 

Part in. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 

Wea:t'book of the Materials of Constmctioiu . • -^^^^ 
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the Preservation of Timber 8vo, a o« 

Wood's (De V.) Elements of Analjrtical Meclumics. 8vo, 3 00 

ITood's (IL P.) Rustless Coatings; Corrosion and Electrolysis of Iron and 

SteeL .' . . .8vo, 4 oo 



STEAM-ENGINES AND BOILERS. 

Berry's Temperature-entropy Diagram. xamo, z 25 

Camot's Reflections on the Motive Power of Heat (Thurston.) lamo, z 50 

I>aw8on's " Engineering " and Electric Ttaction Pocket-book. . • . i6mo, mor., 5 00 

Ford's Boiler Making for Boiler Makers iSmo, i 00 

Goss's Locomotive Sparks. ,,,..,,..,, 8vo,. 2 00 

Hemenway's Indicator Practice and Steam-engine Economy lamo, 2 00 

Button's Mechanical Engineering of Power Plants 8vo, s 00 

Heat and Heat-engines 8vo, s 00 

Kent's Steam boiler Economy 8vo, 4 00 

Kneass's Practice and Theory of the Injector. 8vo, i 50 

XacCord's Slide-valves 8vo, 2 00 

Meyer's Modem Locomotive Construction. 4to, zo 00 

Peabody's Manual of the Steam-engine Indicator. z2mo. z 50 

Tables of the Properties of Saturated Steam and Other Vapors 8vo, z 00 

Thermodynamics of the Steam-engine and Other Heat-engines 8vo, 5 00 

Vahre-gears for Steam-engines 8vo, 2 50 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Pray's Twenty Years with the Indicator. Large 8vo, 2 50 

Pnpin's Thermod3rnamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) z2mo, z 25 

Reagan's Locomotives: Simple Compotmd, and Electric Z2mo, 2 50 

Rontgen's Principles of Thermod]rnamics. (Du Bois.) 8vo, 5 00 

Sinclair's Locomotive Engine Running and Management z2mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice z2mo, 2 50 

%iow's Steam-boiler Practice 8vo, 3 00 

0|iangler's Valve-gears 8vo, 2 50 

Notes on Thermodynamics , z2mo, z 00 

SfMUigler, Greene, and Marshall's Elements of Steam-engineering 8vo, 3 00 

Thurston's Handy Tables .8vo. z 50 

Manual of the Steam-engine 2 vols., 8vo, zo 00 

Part I. History, Structure, and Theory. 8vo, 6 00 

Part n. Design, Construction, and Operation. 8vo, 6 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake 8vo, 5 00 

Stationary Steam-engines 8vo, 2 50 

Steam-boiler Explosions in Theory and in Practice z2mo, z 50 

Manual of Steam-boilers* their Designs, Construction, and Operation 8vo, 5 00 

Weisbach's Heat, Steam, and Steam-engines. (Du Bois.) 8vo, 5 00 

Whitham's Steam-engine Design. 8vo, 5 00 

Wilson's Treatise on Steam-boilers. (Flather.) z6mo, 2 50 

Wood's Thermodynamicst Heat Motors, and Refrigerating Machines. . .Svo, 4 00 



MECHANICS AND MACHIIfERY. 

Barr's Kinematics ef Machinery. Svo, 2 50 

Bovey's Strength of Materials and Theory of Structures Svo, 7 50 

Ckase's The Art of Pattern-making. Z2mo, 2 50 

Church's Mechanics of Engineering 8vo^ 6 «q 



Clnirch's Hotat and Examples in Mechanics. ^^, 8vo, a oo 

Compton*8 First Lessons in Metal-woridng, »• zamo, z 50 

Compton and De Groodt's The Speed Lathe.. ••« '....zamo, z 50 

CromwelTs Treatise on Toothed Gearing zamo, : 50 

Treatise on Belts and Pulleys. zamo, z 50 

Dana's Text-book of Elementary Mechanics for Colleges and Schools . . zamo, z 50 

Dingey's Machinery Pattern Making zamo, a 00 

Dredge's Record of the Transportation Exhibits Building of the World's 

Columbian Exposition of Z893 4to half morocco, 5 00 

Du Bois's Elementary Principles of Mechanics: 

Vol. L Kinematics 8vo, 350 

VoL n. Statics 8vo, 400 

Vol. m. Kinetics. 8vo, 350 

Mechanics of Engineering. VoL L Small 4to, 7 50 

Vol. n Small 4to, 10 00 

Durley's Kinematics of Machines 8yo, 4 00 

Fitzgerald's Boston Machinist z6mo, z 00 

Flather's Dynamometers, and the Measurement of Power. zamo, 3 00 

Rope Driving zamo, a 00 

Goss's Locomotive Sparks 8vo, a 00 

Hall's Car Lubrication. zamo, z 00 

Holly's Art of Saw Filing z8mo. 75 

James's Kinematics of a Point and the Rational Mechanics of a Particle. Sm.8vo,a 00 

* Johnson's (W. W.) Theoretical Mechanics zamo, 3 00 

Johnson's (L. J.) Statics by Graphic and Algebraic Methods 8vo, 2 00 

Jones's Machine Design: 

Part L Kinematics of Machinery .8vo, z 50 

Part n. Form, Strength, and Proportions of Parts 8vo, 3 00 

Kerr's Power and Power Transmission 8vo, 2 00 

Lanza's Applied Mechanics. 8vo, 7 50 

Leonard's Machine Shop, Tools, 'and Methods. (In press.) 

Lorenz's Modem Refrigerating Machinery. (Pope, Haven, and Dean.) (In press.) 

MacCord's Kinematics; or. Practical Mechanism 8vo, 5 00 

Velocity Diagrams 8vo, z 50 

Maurer's Technical Mechanics 8vo, 4 00 

Herriman's Text-book on the Mechanics of Materials 8vo, 4 00 

* Elements of Mechanics z2mo, z 00 

* Michie's Elements of Anal3rtical Mechanics 8vo, 4 00 

Heagan's Locomotives: Simple, Compound, and Electric z2mo> 2 50 

Heid's Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo» 3 o<^ 

Richards's Compressed Air z2mo, z 50 

Robinson's Principles of Mechanism. 8vo, 3 00 

Ryan, Norris, and Hoxie's Electrical Machinery. VoL 1 8vo, 2 50 

Schwamb and Merrill's Elements of Mechanism 8vo, 3 00 

Sinclair's Locomotive-engine Running and Management. z2mo, 2 00 

Smith's (0.) Press-working of Metals 8vo, 3 00 

Smith's (A. W.) Materials of Machines z2mo, z 00 

Spangler, Greene, and Marshall's Elements of Steam-engineering 8vo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work 8vo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics. 

z2mo, z 00 

Warren's Elements of Machine Construction and Drawing 8vo, 7 50 

Weisbach's Kinematics and Power of Transmission. (Herrmann — Klein. ).8vo. 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein. ).8vo, 5 00 

Wood's Elements of Analytical Mechanics 8vo, 3 00 

Principles of Elementary Mechanics z2mo, z 25 

Turbines 8vo, 2 50 

The World's Columbian EapottUon ot i^^ 4to, z 00 



METALLURGY. 

£gle6ton's Metallurgy of Silver, Gold, and Mercury: 

Vol. L Silver 8vo» 

VoL n. Gold and Mercury 8vo, 

** Ues's Lead-smelting. (Postage 9 cents additional.). • . •• xamo. 

Keep's Cast Iron 8vo, 

Kunhardt's Practice of Ore Dressing in Europe Svo, 

Le Chatelier's High-temperature Measuremepts. (Boudouard — ^BurgessOxsmOt 

Metcalfs Steel. A Manual for Steel-users .' lamo. 

Smith's Materials of Machines zamo, 

Thurston's Materials of Engineering. In Three Parts. Svo, 

Part H. Iron and Steel. Svo, 

Part in. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Svo, 

Ulke's Modem Electrolsrtic Copper Refining. Svo, 

MINERALOGY. 

Barringer's Description of Minerals of Commercial Value. Oblong, morocco, 

Boyd's Resources of Southwest Virginia Svo- 

Map of Southwest Virignia Pocket-book foxttt. 

Brush's Manual of Determinative Mineralogy. (Penfield.) Svo. 

Chester's Catalogue of Minerals. . . Svo, paper. 

Cloth, 

Dictionary of the Names of Minerals Svo, 

Dana's System of Mineralogy Large Svo, half leather, xa 

First Appendix to Dana's New ** System of Mineralogy." Large Svo, 

Text-book of Mineralogy Svo, 

Minerals and How to Study Them X2mo, 

Catalogue of American Localities of Minerals Large Svo, 

Manual of Mineralogy and Petrography i2mo, 

Douglas's Untechnical Addresses on Technical Subjects. x2mo, 

£akle*s Mineral Tables Svo, 

Egleston's Catalogue of Minerals and Synonyms Svo, 

Hussak's The Determination of Rock-forming Minerals. (Smith.). Small Svo, 
Merrill's Non-metallic Minerals: Their Occurrence and Uses Svo, 

* Pttufield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

Svo. paper, o 50 
Roaettbusch's Microscopical Physiography ot the Rock-making Minerals. 
(Iddings.) Svo, 

* Tillman's Text-book of Important Minerals and Rocks Svo. 

Williikgns's Manual of Lithology Svo, 

MINING. 

beard's Ventilation of Mines l2mo. 

Boyd's Resources of Southwest Virginia. Svo, 

Map of Southwest Virginia Pocket-book form, 

Douglas's Untechnical Addresses on Technical Subjects x2mo. 

* Drinker's Ttmneling, Explosive Compounds, and Rock Drills. .4t0.hf.m0r.. 

Eissler's Modern High Explosives Svo. 

Fowler's Sewage Works Analyses i2mo , 

Goodyear's Coal-mines of the Western Coast of the United States x2mo. 

Ihlseng's Manual of Mining Svo. 

** Iles's Lead-smelting. (Postage 9c. additional ) X2mo. 

Kunhardt's Practice of Ore Dressing in Europe Svo, 

O'Driscoll's Notes on the Treatment of Gold Ores Svo. 

* Walke't Lectures on Explosives Svo, 

Wilson's Qj&nide Processes , »,». \^Taft, 

Chlttgijiation Process, ..•...••%•%%%.%%•.%.«• .v«BSi» ^ "^ 
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W1J80U h nyorauliv and Flacer Mining Z2mo, a do 

Treatise on Practical and Theoretical Mine Ventilation. iamo» i as 

SANITARY SCIENCE. 

• 

Folwell's Sewerage. (Designing, Construction, and Maintenance.) 8vo, 3 

Waternnipply Engineering 8vo, 4 

Fuertes's Water and Public HeaHk. lamo, i 

Water-filtration Works lamo, a 

Gerhard's Guide to Sanitary House-inspection z6mo, i 

Goodrich's Economic Disposal of Town's Refuse Demy 8vo, 3 

Hazen's Filtration oi Public Water-supplies Svo, 3 

Leach's The Inspection and Analysis of Food with Special Reference to State 

Control 8vo, 7 

Mason's Water-supply. (Considered principallyfrom a Sanitary Standpoint) 8vo, 4 

Examination of Water. (Chemical and BacteriologicaL) zamo, z 

Merriman's Elements of Sanitary Engineering 8vo, 

Ogden's Sewer Design zamo, 

Prescott and Winslow's Elements of Water Bacteriology, with Special Refer- 
• ence to Sanitary Water Analysis zamo, 

• Price's Handbook on Sanitation. zamo, 

Richards's Cost of Food. A Study in Dietaries zamo. 

Cost of Living as Modified by Sanitaiy Science zamo, 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point 8vo, 

* Richards and Williams's The Dietary Computer Sro, 

Rideal's Sewage and Bacterial Purification of Sewage 8vo, 

Tumeaure and Russell's Public Water-supplies 8vo, 

Von Behring's Suppression of Tuberculosis. (Bolduan.) lamo, 

Whipple's Microscopy of Drinking-water 8vo, 

Woodhull's Notes on Military Hygiene z6mo, 

MISCELLANEOUS. 

De Fursac's Manual of Psychiatry. (Rosanoff and Collins.). .. .Large zamo, a 
Emmons's Geological Guide-book of the Rocky Mountain Excursion of the 

International Congress of Geologists Large 8vo, 

Fcrrel's Popular Treatise on the Winds 8vo. 

Haines's American Railway Management zamo, 

Mott's Composition, Digestibility, and Nutritive Value of Food. Mounted chart, 

Fallacy of the Present Theory of Sound '. . . . z6mo, 

Ricketts's History of Rensselaer Polytechnic Institute, z824-z8f4..Small8vo, 

Rostoski's Serum Diagnosis. (Bolduan.) zamo, 

Rotherham's Emphasized New Testament Large 8vo, 

Steel's Treatise on the Diseases of the Dog 8vo, 

Totten's Important Question in Metrology 8vo, 

The World's Columbian Exposition of 1893 4to, 

Von Behring's Suppression of Tuberculosis. (Bolduan.) zamo, 

Winslow's Elements of Applied Microscopy zamo, 

Worcester and Atkinson. Small Hospitals, Establishment and Maintenance; 

Suggestions for Hospital Architecture : Plans for Small Hospital . z amo, z 

HEBREW AND CHALDEE TEXT-BOOKS. 

Green's Elementary Hebrew Grammar zamo, z 

Hebrew Chrestomathy. 8vo, a 

Gesenius's Hebrew and Chaldee Lexicon te the Old Testament Scriptures. 

(TregeUes. ) Small 4to, half morocco, 5 

tettetis's Hebrew Bible 8vo, a 

'.ft 



